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Generall  introduction 

1.. CORONARY ARTERY BYPASS GRAFTING 

ANDD CARDIOPULMONARY BYPASS 

1.1.. Introductio n 

Inn The Netherlands cardiovascular disease remains the leading cause of death, although 

thee last few years its mortality and morbidity have been reduced due to improved 

medication,, availability of angioplasty and improved coronary artery bypass grafting 

performance.. Still, in 1999 some 40% of the mortality was caused by cardiovascular 

disease,, and 25% of those cases were due to myocardial infarction. 

Inn 1999, cardiac surgery was performed on 14,709 patients in 13 Dutch hospitals. 

Off  these patients, 85% received coronary artery bypass grafting (CABG), where venous 

and/orr arterial grafts were placed to restore the blood supply behind the coronary artery 

stenosis.. Until recently, all CABG operations were done with the assist of 

cardiopulmonaryy bypass (CPB). The CPB circuit is connected to the patient to get a 

motionlesss and bloodless operating field during the anastomoses, i.e., the placement of the 

grafts.. In addition, cardioplegia is used to reduce oxygen demand during the interruption 

off  blood supply. Compared to CABG operations in 1970, the 30-day mortality has been 

impressivelyy reduced from 5.5%' to approximately 1% in the low risk group. On the other 

hand,, there is still a morbidity associated with cardiac surgery, which is higher than 

comparablee surgical operations without the use of CPB. Presumably, this is caused by 

bloodd activation through the CPB circuit. 

1.2.. Cardiopulmonary bypass surgery in the Onze Lieve Vrouwe Gasthuis, 

Amsterdam m 

Theree are many ways to reach the situation of a non-beating heart without flow through 

thee coronary arteries to enable a CABG procedure. A short description of a routine CABG 

inn our clinic wil l be given to provide some background to those not particularly familiar 

withh this procedure. 

Afterr administration of the anaesthetics, i.e., induction, the thorax is opened and 

heparinn is administered to the patient to prohibit extensive activation of the coagulation 

systemm during the operation. The arterial cannula for the return of the blood from the CPB 
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Chapterr 1 

circuitt into the patient is inserted in the aorta. The venous cannula(s) for drainage of the 

venouss blood is (are) inserted via the right atrium. After the achievement of a proper level 

off  anticoagulation based upon the activated clotting time (ACT > 450 seconds), the CPB 

iss started with subsequent cooling of the patient to 32 °C to slow down the metabolism of 

thee patient and thus to reduce possible energy depletion. To prevent blood coming into the 

aorticc root, an aortic crossclamp is placed between the aortic cannula and the aortic 

needle.. Cardiac arrest is then induced with the so-called cardioplegic solution, which is 

administeredd in the aortic root where the ostia of the coronary arteries are situated. This 

ice-coldd solution, containing amongst others high concentrations of potassium, is infused 

throughh an aortic needle, which is placed proximal from the aortic cannula. At this time 

thee heart is topically cooled by ice-cold physiologic saline. Once a complete cardiac arrest 

hass been achieved, one side of the grafts is attached to the coronary arteries. At the end of 

thee CPB the patient is rewarmed. After completion of all distal anastomoses the aortic 

crossclampp is removed and the heart is reperfused with blood and wil l start to beat. An 

aorticc sideclamp is placed to enable restoration of coronary blood flow, but also to provide 

aa bloodless part of the aorta to connect the proximal ends of the venous grafts to the aorta. 

Oncee acceptable hemodynamic parameters are monitored the CPB is stopped. To 

counteractt the infused heparin a sufficient amount of protamine sulphate is administered 

andd the cannulas are removed. The patient is then transported to the intensive care to 

recoverr from the operation. 

1.3.. Blood activation durin g cardiopulmonary bypass 

Duringg CABG the blood is in extensive contact with the synthetic surface of the CPB 

circuit,, which leads to the so-called "whole body inflammatory response".2 This is a 

complexx phenomenon involving activation of various cells including blood platelets, 

leukocytess and endothelial cells, and activation of the coagulation, fibrinolysis and 

complementt systems. In the systemic circulation elevated activation products of platelets 

andd coagulation, fibrinolysis and complement systems are detected. This may lead to 

thrombotic,, bleeding and inflammatory reactions. Clinically this is manifested for 

examplee in microthrombi as observed in retinal vessels,3 enhanced postoperative bleeding 

requiringg blood transfusion and increased capillary permeability resulting in compromised 
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Generall  introduction 

lungg function. 

Althoughh improvements in biocompatibility of the CPB circuit, such as the 

compositionn of the synthetic materials, the use of membrane oxygenators, and heparin 

coatingg of the circuit4 have resulted in considerably less systemic blood activation, CPB is 

stilll  associated with the morbidity as described above. This is not entirely surprising. 

Originallyy most studies did suggest that blood activation is especially due to its contact 

withh the CPB circuit,2"5 but more recent studies suggest that the blood, which collects in 

thee pericardial cavity and is peroperatively returned into the patient, is another possible 

sourcee of systemic blood activation. When the pericardial blood was discarded and not 

returnedd into the patient, postoperative blood loss was reduced.6 However, it is still 

commonn practice to return the pericardial blood to reduce the peroperative blood loss and 

thuss the need for blood transfusion. Compared to systemic blood, pericardial blood 

containss highly elevated levels of fibrinolysis activation products such as plasmin-a2-

antiplasminn complexes, coagulation activation products such as prothrombin fragment 

Fi.,-2,, thrombin-antithrombin complexes,8 and activated coagulation factor VII , and 

solublee tissue factor. The question therefore arises whether, upon its return into the 

patient,, the pericardial blood can provide ongoing activation of for instance the 

coagulationn system in the systemic circulation. 

2.. HEMOSTASIS 

2.1.. Introductio n 

Hemostasis,, i.e. the process causing the blood to stop from flowing out of the injured 

vessel,, is achieved by three main components. First, vasoconstriction reduces the diameter 

off  the injured vessel(s) and thus the blood flow. This enables the other two components of 

thee hemostasis system, i.e. the platelets and the coagulation system, to stop the blood flow 

fromm the injured vessel. The platelets form an initial plug in the process called primary 

hemostasiss and the coagulation system consolidates this plug in the secondary hemostasis. 

Thee latter two components are under investigation in this thesis. 
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Chapterr 1 

2.2.. Platelets and their  function 

Bloodd platelets are anucleated cells derived from megakaryocytes in the bone marrow. 

Theirr mean life span in the systemic circulation is 10 days. The shape of the non-activated 

platelett is discoid and its diameter approximately 1 - 2 um. The platelet outer membrane 

hass the regular double phospholipid structure, which also forms the open canalicular 

systemm by protruding deep into the platelet. Platelets have several types of intracellular 

granuless (a-granules containing all the proteins which are extruded by the platelet in the 

so-calledd secretion reaction, dense bodies containing the low molecular weight substances 

suchh as ADP and Ca2+ which are also extruded in the secretion reaction, lysosomes 

containingg the regular lysomal enzymes but with uncertain function, and mitochondria as 

energyy factories). Platelets also contain several contractile systems, such as the 

microtubules,, which keep the non-activate platelet in its discoid shape, and 

microfilamentss that form the membrane and cytoskeleton. The intracellular membrane 

systemm is called the dense tubular system in the platelet (Figure 1). 

Uponn activation the shape of a platelet changes within seconds into a sphere with 

protrudingg pseudopods. Activation can be induced by several stimuli including ADP, 

collagen,, thrombin and adrenaline. In a physiological environment the trigger for platelet 

activationn is damage of the vessel wall. Following damage, subendothelial collagen 

becomess exposed that binds von Willebrand factor, which subsequently changes its 

conformation.. The conformational change allows platelets to adhere to the von Willebrand 

factorr via the glycoprotein (GP) lb receptors, which are already present on the platelet 

membrane.99 Upon adherence platelets become activated, which results in several 

reactions.. Negatively charged phospholipids such as phosphatidylserine and 

phosphatidylethanolamine,, originally localised in the inner leaflet of the cell membrane, 

becomee exposed on the outer leaflet and thus provide an appropriate phospholipid surface 

too bind (activated) coagulation factors.10 Apart from spreading, platelets release their 

contentss of granules during the secretory reaction, with membranes of the various 

granuless fusing with the membranes of the open canalicular system and/or the cell 

membrane.. This leads to both extrusion of the contents of the granules to the outer milieu 

andd to the exposure of neo-antigens on the cell membrane that were originally localised 
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openn canalicular system dense tubular system 

Figuree 1. Schematic overview of the resting and activated platelet. 

onlyy in the granular membrane. Examples of such neo-antigens are GP53 (CD63) from the 

lysosomess and P-selectin from the a-granules.11"13 Many intracellular processes take 

place,, including the conversion of arachidonic acid into thromboxane A2 (TxA2). The 

latterr compound, diffusing from the activated platelet, is a most potent platelet activator. 

TxA22 causes other circulating platelets to adhere and aggregate to the originally adhered 

platelets.. In this way the platelet plug is extended as an initial attempt to stop the blood 

floww through the damaged vessel wall. The activated platelets also bud off small parts of 

theirr cell membrane, the so-called microparticles, which expose negatively charged 

phospholipidss to promote the activation of the coagulation system (Figure l).'4"17 The 

best-knownn function of platelets is obviously their role in primary hemostasis, i.e., the 

formationn of the platelet plug. However, via exposed phospholipids and the production of 

microparticles,, and possibly via various secreted coagulation factors, such as factor V, 

vonn Willebrand factor and fibrinogen, they also contribute to the consolidation of the 
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Chapterr 1 

platelett plug by supporting the activation of the coagulation system, which is the central 

eventt in the secondary hemostasis. 

2.3.. Platelet glycoproteins 

Plateletss have several glycoproteins on their granular and outer cell membranes, which 

playy an important role in platelet function. These glycoproteins, indicated with Roman 

figures,figures, change their conformation and/or their subcellular distribution upon activation of 

thee platelet. The glycoproteins studied in this thesis as markers of platelet activation, and 

theirr behaviour during CPB, wil l be discussed below (Figure 1). 

Glycoproteinn lb: GPIb, a receptor that is predominantly found on platelets, consists of an 

a-chainn (140 kD) and a p-chain (24 kD). It forms a 1:1 complex with GPIX and a 1:2 

complexx with GPV. Platelets contain approximately 150,000 molecules of GPIb. On a 

restingg platelet, approximately 25,000 copies of GPIb are exposed on the cell membrane. 

Mostt of the GPIb is stored in an internal pool, the open canalicular system (approximately 

110,0000 copies) and the membrane of the a-granules (probably 15,000 copies).18,19 GPIb 

iss an important adhesion receptor because of its ability to bind von Willebrand factor, but 

itt also acts as a high affinity receptor for a-thrombin.20 Upon platelet activation, GPIb can 

partlyy disappear from the platelet cell membrane. In vitro experiments show that GPIb 

internalisess from the cell membrane into the open canalicular system, for example upon 

stimulationn of platelets with thrombin.21 These movements of GPIb are dependent on 

cytoskeletall  activity and are reversible.22 On the other hand, in vitro experiments with 

washedd platelets show that GPIb is also sensitive to proteolysis, for example by plasmin 

orr cathepsin G,23 which may also result in 'disappearance' of GPIb from the cell 

membrane.. Whether or not this phenomenon occurs in vivo, i.e., in the plasma 

environment,, is unknown. The physiological role of the disappearance of GPIb from the 

platelett surface can only be speculated upon. Possibly, it makes the activated platelet less 

pronee to interact with the damaged vessel wall and more prone to interact with other -

activatedd - platelets through their activated GPIIb-IIIa complexes in the process of plug 

formation.. Downregulation of the platelet GPIb complex from the platelet surface has not 

onlyy been demonstrated in vitro, but also in blood oozing from the standardised lesion of a 

bleedingg time wound. 4 
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Thee clinical relevance of GPIb in hemostasis is demonstrated in patients with the 

Bernard-Soulierr syndrome.25,26 These patients completely lack or have a dysfunctional 

GPIbb and thereby suffer from a bleeding disorder. The most pronounced effect of CPB on 

GPIbb was presented by van Oeveren et al., who observed a 50% decrease of the number of 

GPIbb molecules on the platelet surface at the start of CPB.27 Those authors used an ELISA 

methodd to quantify the GPIb antigen. The finding was confirmed by other investigators 

whoo used flow cytometry to detect GPIb. Some authors substantiated the findings of a 

reducedd platelet surface exposure of GPIb by demonstrating a reduced ristocetin-induced -

andd thus GPIb-dependent- platelet agglutination,28 but other investigators could not 

confirmm this.29'30 

Glycoproteinn Hb-IIIa: A platelet contains approximately 100,000 copies of the GPIIb-IIIa 

complex.. In a non-activated platelet, half of the total number of GPIIb-IIIa complexes is 

locatedd in the cell membrane, and the other half is located in the membranes of the a-

granuless and the open canalicular system.31 Upon activation, the intra-platelet pool 

becomess surface exposed due to fusion of the membranes of the a-granules with the cell 

membrane.. Furthermore, the conformation of the GPIIb-IIIa complex changes and 

becomess capable of binding its ligand. In the absence of shear stress the ligand for GPIIb-

III aa is fibrinogen, which cross-links platelets (platelet aggregation). Under flow conditions 

thee ligand is von Willebrand factor,32 and thus not only GPIb but also the GPIIb-IIIa 

complexx can function as von Willebrand factor receptor. The fibrinogen-binding 

conformationn of the GPIIb-IIIa complex can be detected with a monoclonal antibody, 

calledd PAC-1.33 

Thee clinical relevance of GPIIb-IIIa in relation to hemostasis is demonstrated in 

patientss with absent or dysfunctional GPIIb-IIIa, i.e., Glanzmann thrombasthenia, who 

sufferr from a bleeding disorder,34'35 but also the reduction of thrombotic complications by 

GPIIb-IIIaa antagonists, such as abciximab, in patients with refractory unstable angina who 

underwentt percutaneous coronary intervention.36 During heart surgery, no or only a slight 

increasee of platelets binding PAC-1 were reported.5,37 In a study with dogs undergoing 

CPB,, temporary platelet impairment during the operation was created with Integrelin, a 

shortt acting inhibitor of GPIIb-IIIa.38 Integrelin preserved platelet function and reduced 

postoperativee bleeding, which indicates that GPIIb-IIIa in some way plays a role in the 
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platelett response during CPB. 

P-selectin:: P-selectin, also called platelet activation-dependent granule-external membrane 

proteinn (PADGEM) or GMP-140, is a protein synthesized in the megakaryocyte and 

storedd in the membrane of the a-granules of platelets. It is also synthesized by endothelial 

cellss where it is stored in their Weibel-Palade bodies. Upon activation of the platelet by 

agonistss such as thrombin, P-selectin becomes exposed on the surface during the secretion 

reaction,, i.e., the fusion of the a-granular membrane with the cell membrane.11,12 Platelets 

thatt express P-selectin are able to adhere to neutrophils and monocytes. The interaction of 

purifiedd P-selectin or P-selectin on microparticles and platelets promotes the expression of 

tissuee factor by monocytes.39'40 

Soo far no patients with a reduced presence or complete absence of P-selectin have 

beenn described. In blood obtained from a bleeding wound an increase of P-selectin on the 

platelett membrane was detected.24 An increased percentage of P-selectin positive platelets 

duringg heart surgery has been reported by some authors,41 but not by others.42 

2.4.. Coagulation 

Originally,, thrombin formation was thought to be initiated via two cascades: the extrinsic 

(tissuee factor-factor VII dependent) and the intrinsic (factor XII dependent) pathways. The 

cascadess involve a series of proteolytic reactions in which pro-enzymes are converted into 

activee enzymes, all serine proteases. As the word cascade suggests, one enzyme can 

generatee many other enzymes at the next level, although this process is downregulated by 

naturall  inhibitors, such as antithrombin and a2-macroglobulin. Both cascades lead to 

activationn of a common pathway, through which thrombin and finally fibrin are formed 

(Figuree 2). 

Intrinsicc pathway: Activation through the intrinsic pathway is dependent upon the 

exposuree of blood to a negatively charged surface. Factor XII binds to the negative 

surfacee and is capable of auto-activation in the presence of kallikrein (K) and high 

molecularr weight kininogen (HMWK). In the presence of HMWK, the activated factor 

XIII  (factor Xlla) activates prekallikrein (PK) to kallikrein to increase factor XII 

activation.. In the intrinsic pathway factor Xll a activates factor XI to XIa. Factor XIa 

subsequentlyy activates factor IX to IXa in a Ca2+-dependent manner. Factor IXa, once 
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Figuree 2. Pathways of coagulation. 

complexedd to thrombin-activated factor VII I on a phospholipid surface and thus forming 

thee tenase complex, activates factor X to Xa in a Ca2+-dependent manner. 

Extrinsicc pathway: Activation of the extrinsic pathway starts with auto-activation of factor 

VI II  in the presence of tissue factor (TF) if the latter is properly embedded within a lipid 

surface.. TF is normally not expressed by blood cells and endothelial cells lining the 

vessels.. However, TF is constitutively expressed by extravascular cells and its expression 

byy monocytes, endothelial cells and possibly granulocytes is inducible. The TF-factor 

Vil aa complex activates factor X to Xa in a Ca2+-dependent manner. 

Commonn pathway: The factor Xa forms the prothrombinase complex with thrombin-

activatedd factor V (factor Va) on a suitable phospholipid surface. This complex Ca2+-

dependentlyy cleaves prothrombin (factor II) to produce thrombin and the prothrombin 

activationn fragment F|+2. Thrombin subsequently converts fibrinogen into fibrin 

monomers,, which spontaneously form polymers. The polymers are finally crosslinked into 
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thee consolidated fibrin network by the action of thrombin-activated factor XII I (factor 

XHIa)) (Figure 2). 

Recentt insights in coagulation activation: The present view is that mainly the TF-factor 

VI II  pathway is important for the activation of the coagulation system in vivo.43"45 At low 

concentrations,, the TF-factor Vil a complex activates factor IX (the so-called Josso-loop), 

att higher concentrations it directly activates factor X in a Ca2+-dependent manner (Figure 

3).. The significance of the Josso-loop is clear from the clinical findings in patients 

deficientt in either factor VII I (hemophilia A) or IX (hemophilia B). These patients suffer 

fromm severe bleeding complications, and the contribution of both coagulation factors to 

coagulationn in vivo is clearly reflected by the reduced levels of factor Vil a when 

comparedd to healthy individuals.46 

Thee traditional two activation pathways for the coagulation system, linked 

togetherr via the Josso-loop, did not provide an explanation for the fact that factor XII -

deficientt patients frequently have a thrombo-embolic tendency instead of a bleeding 

disorder,477 similar to the findings in patients with a HMWK or prekallikrein 

deficiency.48'499 This controversy was explained by direct activation of factor XI by 

thrombin,, which enforces thrombin formation without factor XII , prekallikrein and 

HMWKK involvement (Figure 3).50'51 The clinical relevance of factor XI is clear, because 

Figuree 3. Recent insight in the coagulation system. 
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somee patients with factor XI deficiency (hemophilia C) suffer from bleeding, usually after 

traumaa or surgery,52 especially from tissues with a high local fibrinolytic activity. 

Contactt activation has been claimed to play a role in the CPB situation, when 

extensivee contact of the systemic blood and the foreign surface of the extracorporeal 

circuitt occurs. In more recent studies this contact activation was also shown to be of less 

importance,, which may be partly due to the improved biocompatibility of those circuits in 

thee last few years.53 

Ass described above, thrombin plays several roles. It activates factors V, VIII , XI 

andd XIII , and it is a potent platelet activator. However, at low concentrations thrombin 

mayy actually have an anticoagulant effect by binding to thrombomodulin, which is on the 

endotheliall  cell membrane. Thrombomodulin bound to thrombin, converts protein C into 

activatedd protein C. Activated protein C, assisted by its cofactor protein S,54 inactivates 

factorss Va and Vill a and thereby inhibits coagulation. At higher concentrations, the 

coagulation-promotingg capacity of thrombin prevails, and at even higher concentrations 

thrombinn inhibits fibrinolysis via thrombin activated fibrinolysis inhibitor.55 

Forr this thesis it is important to summarise that the coagulation system can be 

activatedd through the TF-factor VII complex and through contact activation of factor XII 

pluss subsequent factors of the intrinsic pathway, whereas coagulation enforcement can 

frequentlyy be ascribed to thrombin-mediated activation of factor XI. 

2.5.. Tissue factor 

Underr physiological, non-activated conditions, TF is not present on the surface of cells 

withinn the circulation or the endothelial cells lining the vessels. However, upon activation 

endotheliall  cells, monocytes and possibly granulocytes synthesize TF and expose it on 

theirr cell surface to initiate the activation of the coagulation system.45"56"58 Monocytes and 

endotheliall  cells, upon appropriate stimulation with e.g. bacterial endotoxins or the 

cytokinee TNF-a, also release microparticles (see part 3), which expose functional TF.59"61 

Finally,, increased concentrations of the so-called soluble TF have been reported in e.g. 

patientss with cancer, acute myocardial infarction, angina pectoris or disseminated 

intravascularr coagulation.62"65 The exact nature of this soluble TF, i.e. whether it is partly 
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boundd to microparticles and whether it is procoagulant in vivo, was not known until we 

performedd the studies as described in chapters 3, 5 and 6. 

3.. MICROPARTICLE S 

Uponn activation many cells can bud off small parts of their cell membrane, presently 

calledd microparticles. These cells are for instance monocytes, granulocytes, erythrocytes, 

endotheliall  cells and platelets. Similar structures arise if a cell undergoes apoptosis. 

Isolatedd platelets produce microparticles, platelet-derived microparticles (PMP), upon 

stimulationn with ADP, collagen, thrombin, complement complex C5b-9, or the calcium 

ionophoree A23187.66"68 The microparticles expose negatively charged phospholipids, i.e., 

phosphatidylserinee and phosphatidylethanolamine, which are normally localised on the 

innerr leaflet of the cell membrane. These phospholipids provide a surface for formation of 

tenasee and prothrombinase complexes involved in the coagulation cascade. Thus, PMP 

cann facilitate the activation of the coagulation process, a phenomenonn called "platelet 

factorr 3 activity" in thee older literature.69 

Alreadyy in 1967, PMP, then called "platelet dust", were described in blood of 

healthyy individuals.69 Subsequently it became clear that PMP numbers are increased in the 

circulationn of patients suffering from a variety of diseases that are all associated with a 

thrombo-embolicthrombo-embolic tendency. These include idiopathic thrombocytopenic purpura, 

paroxysmall  nocturnal hemoglobinuria, uremia, diabetes, and sickle cell disease. 

Conversely,, patients with the Scott syndrome have an impaired microparticle formation 

andd a bleeding tendency.75'76 This indicates that PMP are likely to play a role in the 

hemostaticc process. 

PMPP are the most numerous microparticles in plasma, both in healthy individuals 

andd in various patients studied so far.77"80 Erythrocyte-derived microparticles are usually 

alsoo present at substantial numbers. In healthy individuals PMP and erythrocyte-derived 

microparticless made up 70% of the total number of microparticles, but microparticles 

fromm granulocytes and endothelial cells could also be detected.77 In patients with 

meningococcall  sepsis, especially microparticles from platelets and granulocytes were 
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presentt at increased numbers. In those patients evidence was obtained that TF, present on 

thee surface of monocyte-derived microparticles, was active in thrombin generation and 

possiblyy involved in the diffuse intravascular coagulation occurring in such patients.78 The 

presencee of microparticles from endothelial cells in the circulation was first described in 

patientss with SLE.80 

Thee detection and quantification of microparticles, including PMP, is possible by 

thee use of flow cytometry. Microparticles retain antigens of their parent cell during 

formation.. Those antigens can be detected using monoclonal antibodies to establish their 

cellularr source. In double-label experiments the presence of other antigens on particular 

subpopulationss of the total microparticle population can be established, such as P-selectin 

orr TF. The exposure of negatively charged phospholipids on the microparticles can also 

bee established by labelling the microparticles with annexin V, a protein that in a Ca2+-

dependentt fashion binds to phosphatidylserine. 

Evidently,, microparticles can play a role in coagulation, but other functions have 

alsoo been reported. In vitro, PMP can transport arachidonic acid - the precursor for the 

synthesiss of prostacyclin - to endothelial cells.81'82 Also in vitro, PMP exposing P-selectin 

cann bind to monocytes and induce them to produce and expose TF.83 Thus, carrier 

functionss and cell-activating functions may also be attributed to microparticles. Also 

recentt findings by Boulanger et al. are noteworthy,84 who reported that microparticles 

fromm the circulation of patients with a myocardial infarction induced endothelial 

dysfunctionn in vitro, i.e., they impaired acetylcholine-induced endothelium-dependent 

relaxationn of aortic rings. 

Inn this aspect it is also interesting to note that the GPIIb-IIIa antagonist 

abciximab,, nowadays frequently used in patients undergoing a PTCA,85"87 not only 

inhibitss the binding of fibrinogen to this receptor but also the formation of PMP.88'89 

AA possible prothrombotic effect of microparticles had not been investigated prior 

too the studies described in chapter 6. 
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4.. APROTINI N 

Aprotininn is a small (6.5 kDa) serine protease inhibitor derived from bovine organs. It has 

originallyy been used as an antifibrinolytic agent to control hyperfibrinolytic states, such as 

pancreatitiss and overdose of thrombolytic agents. In vitro studies and clinical applications 

onn aprotinin were reported as early as 1963.90 Already in 1987 Royston et al. described an 

unexpectedd reduction in postoperative blood loss after heart surgery. ' That study 

actuallyy investigated an anticipated reducing effect of aprotinin on complement activation, 

butt surprisingly the postoperative blood loss was extremely reduced. Its routine use in 

Europee came after the study of van Oeveren et al. in 1987.93 Many other investigators 

confirmedd a reduction of blood loss between 40 and 80% with aprotinin, combined with 

thee expected reduced need for blood transfusions. The extent of reduction seems dose 

dependent.. The specific activity of various aprotinin preparations is usually designated in 

termss of kallikrein inhibitor units (KIU). The most commonly used dosages are the high 

dosee or the "Hammersmith regimen", which consist of a bolus loading dose (2 million 

KIU) ,, a pump-priming dose (2 million KIU) and a continuous infusion (0.5 million 

KIU/hr)) which leads to a total of 4 to 5 million KIU equivalents. The low dose regimen 

consistss of only the pump-priming dose of 2 million KIU. 

Althoughh the extensive literature on aprotinin would indicate otherwise, the 

workingg mechanism has not yet been elucidated. As a non-selective serine protease 

inhibitorr it forms a reversible stoichiometric complex with a protease. Structure and 

biophysicall  characteristics of aprotinin are related to other protease inhibitors. This type 

off  inhibitor is named after one of its first describers, Kunitz. Another Kunitz type protease 

inhibitorr is tissue factor pathway inhibitor. On the other hand, the structure of aprotinin 

resembless that of hirudin, which is a highly specific inhibitor of thrombin. Aprotinin has a 

numberr of substrates. In decreasing potency, it inhibits plasmin (K, = 0.07 nM), plasma 

kallikreinn (K, = 36 nM), activated protein C (Kj = 1100 nM), factor XIa (K, = 1100 nM), 

TF-factorr Vil a complex (Kj = 9800 nM), two-chain urokinase (K, > 2500 nM), factor Xa 

(K;; > 9800 nM) and thrombin (K, > 61,000 nM).94'95 Aprotinin also has the ability to bind 

too enzymes that are already complexed to a third partner. For example, aprotinin 

complexess with plasmin at the fibrin surface, so that plasmin cannot interact with its 
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naturall  plasma inhibitor. Taking this into account, aprotinin (i) enhances the total anti-

proteasee capacity of plasma due to its direct enzyme inhibiting capacity, and (ii) protects 

plasmaa inhibitors from proteolytic degradation.97 Evidently, aprotinin affects fibrinolysis, 

coagulation,, complement and platelet activation. 

Ass for fibrinolysis, aprotinin inhibits the activation of plasmin at various levels. 

Generallyy accepted is the attenuation of increased concentrations of plasmin-a2-

antiplasminn complex, split products of cross-linked fibrin (D-dimer) and fibrin(ogen) 

degradationn products during CPB. The intrinsic activation of fibrinolysis through the 

contactt activation is inhibited as shown by a pronounced decrease in concentrations of 

kallikrein-inhibitorr complexes.98 The endogenous activation by plasminogen activators is 

inhibitedd as shown by less increased tissue plasminogen activator concentrations,99 

althoughh others could not confirm this.100 No effect on plasminogen activator inhibitor-1 

concentrationss could be found. 

Ass for coagulation, the use of aprotinin does not affect the formation of 

thrombin-antithrombinn complexes and prothrombin fragment F1+2 in the circulation of 

patientss undergoing CPB. The intrinsic, factor XII-dependent, coagulation activation 

pathwayy is inhibited by the effect of aprotinin on kallikrein.97 

Aprotininn has no effect on the alternative and classical complement pathways, as 

reflectedd by C3b/c and C4b/c levels.98 

Ass for the platelet, the most prominent effect of aprotinin is the apparent absence 

off  the 50% decrease in GPIb from the platelet surface during CPB.27 Also, a low dose of 

aprotininn was reported to prevent a-granule secretion and microparticle formation, and to 

maintainn the platelet aggregation capacity induced by thrombin.101 Others, however, could 

nott confirm the effects on GPIb disappearance,102 a-granule secretion,102103 or activation 

off  GPIIb-IIIa into its fibrinogen binding conformation.104 

Somee side effects related to the use of aprotinin have been reported, but were not 

confirmedd by others. These side effects are renal dysfunction, myocardial infarction based 

onn early graft occlusion, anaphylactic reaction and thrombus formation, but in those 

articless an insufficient systemic anticoagulation cannot be ruled out as a cause.105"107 

Thesee side effects are too infrequent to abandon the use of aprotinin during cardiac 

surgeryy considering its benefit in decreasing blood transfusions. 
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5.. AIM AND OUTLIN E OF THE THESIS 

Manyy studies have been performed on the activation status of several cell populations and 

proteinn systems in the systemic circulation of patients undergoing CPB, whereas much 

lesss is known of the blood collecting in the pericardial cavity. Pericardial blood originates 

fromm blood oozing from vessels cut by the surgical procedure or leakage along sutures. 

Thee quantity of pericardial blood differs extensively between patients undergoing cardiac 

surgery,, but can easily reach more than one litre in some patients. It is removed from the 

pericardiall  cavity by suction and periodically returned into the patient during the 

operation.. The aim of the thesis is to investigate the changes in platelet activation, and the 

occurrencee and possible procoagulant role of microparticles in this pericardial blood, as 

comparedd to the systemic blood. 

Chapterr  1 gives a general introduction of a coronary bypass operation, and an 

overvieww of platelets, the coagulation system and microparticles. Also some background 

informationn on aprotinin is given for a better understanding of chapter 4. 

Severall  investigators have already reported unfavourable platelet activation 

duringg CPB as a probable cause of impaired hemostasis and thus blood loss after the 

operation.. This platelet activation was determined by the disappearance or appearance of 

receptorss on the platelet surface. However, the situation in the pericardial blood is 

unknown.. In the study in chapter  2 blood is collected at various time intervals during the 

operationn from the pericardial cavity and compared with systemic blood. The important 

platelett adhesion receptor glycoprotein lb (GPIb) disappears largely from the platelet 

surfacee in pericardial blood, compared to only a small amount in systemic blood at the end 

off  the operation. No other evidence for platelet activation, e.g. granule secretion, was 

foundd in the pericardial blood. 

Inn the study presented in chapter 2, flow cytometry was used to establish the 

platelett activation status and surface exposure of GPIb. In this study it was noted that 

materiall  with a size smaller than platelets, but obviously derived from platelets as it 

stainedd with the appropriate antibodies, was present at increased concentrations in 

pericardiall  blood. These were the so-called platelet microparticles. Microparticles 

originatingg from various cells were isolated from pericardial blood and characterised as 
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describedd in chapter  3. The microparticles were able to generate thrombin in an in vitro 

thrombinn generation assay and this involved the TF-factor VII dependent pathway. 

Aprotininn is frequently used in cardiac surgery to reduce the postoperative blood 

losss and thus the requirement for blood transfusions. One of its presumed mechanisms is 

thee prevention of GPIb disappearance from the platelet surface. We hypothesised that per-

operativee local administration of aprotinin at the site of blood activation, i.e., in the 

pericardiall  cavity, might have a protective effect on platelet activation. As described in 

chapterr  4, no effect on platelet activation and microparticle formation was established. A 

discussionn of the presumed effect of this local administered aprotinin, raised by Landis 

andd Taylor in a letter to the Editor (chapter  4a), and our answer to this letter, are 

presentedd in chapter  4b. 

Phillippouu et al.8 observed increased concentrations of soluble TF in pericardial 

bloodd of patients on CPB and they suggested in the Discussion section of their article that 

thee soluble TF might partly be microparticle-associated. In chapter  5 it is shown that a 

majorr part of this soluble TF is indeed microparticle-associated and capable of thrombin 

generationn in vitro through the TF-factor VII pathway. 

Soo far, the thrombin generating capacity of microparticles was established in in 

vitroo studies. The last study in this thesis, chapter  6, shows the conclusive evidence of the 

thrombogenicityy of human (pericardial) microparticles via the TF-factor VII dependent 

pathway,, in a venous stasis thrombosis model in the rat. 

Thee results presented in this thesis are summarized in chapter  7. 
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ABSTRACT T 

Objectives::  Several investigators have reported decreased expression of glycoprotein lb 

onn the platelet surface during coronary artery bypass grafting, but others could not 

confirmm this finding. Because platelet glycoprotein lb functions as an adhesion receptor 

forr von Willebrand Factor and other adhesive proteins, this decreased expression may 

explainn excessive postoperative blood loss. In this study the expression of glycoprotein lb 

andd other platelet activation markers were studied in the systemic and pericardial blood of 

sevenn patients undergoing coronary artery bypass grafting. Pericardial blood was recently 

shownn to have high activation levels of fibrinolytic and coagulation pathways; we 

hypothesizedd that this local blood activation might be paralleled by extensive platelet 

activationn and associated disappearance of glycoprotein lb. 

Methods::  Expression of platelet surface antigens was determined by whole-blood double-

labell  flow cytometry. 

Results::  Glycoprotein lb expression in systemic blood decreased 10% (p = 0.03) from 

preoperativee levels at the start of cardiopulmonary bypass and 30% (p = 0.04) before 

releasee of the aortic crossclamp. Expression in pericardial blood at these times decreased 

byy 50% and 51%, respectively (p = 0.003, p = 0.009). No changes were observed in the 

expressionn of the platelet activation antigens CD62P (P-selectin, indicating platelet a-

granularr release) and CD63 (indicating lysosomal release) or in binding of monoclonal 

antibodyy PAC-1 (detecting the fibrinogen-binding receptor conformation of the 

glycoproteinn Ilb-III a complex). 

Conclusion::  Glycoprotein lb disappeared from the platelet surface during bypass grafting, 

mostt notably in pericardial blood. No increased expression of CD62P, CD63, or PAC-1 

wass found, indicating the absence of general platelet activation. 
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INTRODUCTIO N N 

Duringg cardiopulmonary bypass (CPB) the patient'ss blood is in extensive contact with the 

artificiall  surface of the extracorporeal circuit. This contact results in activation of the 

factorr XII-dependent contact system and thus both the coagulation cascade and the 

fibrinolyticfibrinolytic  system.1 Recent improvements in the biocompatibility of the extracorporeal 

circuit,, such as the composition of synthetic materials, membrane oxygenators, and 

heparinn coatings, have resulted in considerably less blood activation. Despite these 

improvements,, however, excessive postoperative blood loss remains one of the major 

complicationss of cardiac operations.2 These bleeding disorders are thought to be caused at 

leastt in part by impairment of platelet function. Several investigators have demonstrated 

thatt the platelet-specific glycoprotein (GP) lb, an important adhesion receptor, disappears 

fromm the platelet surface during CPB.3 GPIb is the receptor for von Willebrand factor, a 

proteinn that mediates the interaction between platelets and proteins such as collagen in the 

exposedd subendothelium of a damaged vessel wall.4 A decreased expression of GPIb has 

thereforee been suggested to lead to a decreased adhesive capacity and thus to result in 

prolongedd bleeding and excessive blood loss.2'5 This hypothesis has been confirmed by 

thee finding that administration of aprotinin, a bovine protein that acts as a nonselective 

inhibitorr of serine proteases, prevented the disappearance of GPIb and simultaneously 

reducedd the blood loss and the use of blood products during CPB.6 Several investigators 

couldd not demonstrate the disappearance of GPIb, however, and decreased expression of 

GPIbb in systemic blood therefore remains under debate.3'7"10 

Boisclairr and coworkers11 demonstrated that coagulation is initiated during CPB 

nott only by the contact between blood and the extracorporeal circuit but also through a 

tissuee factor-factor VII dependent pathway. More recently, direct evidence was provided 

thatt the expression of tissue factor is enhanced in the surgical wound and that the extrinsic 

coagulationn cascade becomes activated.1 In the surgical wound, blood oozes from 

damagedd vessels and makes extensive contact with the damaged vessel wall and 

underlyingg tissues. This blood accumulates in the pericardial cavity, from which it is 

removedd by suction. Periodically the pericardial blood is returned into the patient. Thus, 

whereass previous studies suggested that blood is activated predominantly by contact 
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activation,, more recent studies indicate that the contribution of the material-independent 

pathwayy of blood activation - the operation itself-may be of much greater importance 

thann previously thought.12" '3 Our aim in this study was to establish whether the expression 

off  GPIb is indeed reduced in patients undergoing coronary artery bypass grafting, whether 

thiss is associated with extensive general platelet activation, and whether these phenomena 

aree present in both systemic and, perhaps more considerably, pericardial blood. 

MATERIA LL  AND METHOD S 

Clinicall  study. This study was approved by the Local Ethical Committee. After 

informedd consent was obtained, seven patients undergoing elective coronary artery bypass 

graftingg entered the study. No patient was older than 85 years or had evidence of severe 

heartt failure, renal or hepatic dysfunction, or a bleeding diathesis. No patient was treated 

withh coumarin derivatives, aspirin, dipyridamole, or nonsteroidal antiinflammatory agents 

withinn 5 days before the operation. The study patients did not receive antifibrinolytic 

agentss or aprotinin during CPB. 

CPBB and anesthesia. Anesthesia was induced and maintained with weight-

relatedd doses of fentanyl, sufentanil, midazolam, or propofol and pancuronium. The 

extracorporeall  circuit consisted of a Dideco D704 compac flow system oxygenator and S3 

rollerpumpp (Stöckert, Munich, Germany). The priming of the extracorporeal circuit 

containedd lactated Ringer's solution (1.3 L), human albumin (200 ml 20% 

weight/volume),, mannitol (100 ml 20% weight/volume), sodium hydrogen carbonate (50 

mll  8.4% weight/volume), heparin (50 mg), and cefamandol (2 g). Each patient received 

dexamethasonee (1 mg/kg). Volume was corrected with lactated Ringer's solution. Heparin 

(33 mg/kg) was given intravenously before cannulation of the aorta and repeated in a dose 

off  50 mg whenever the activated clotting time (Hemochron; International Technidyne 

Corp.,, Edison, N.J.) was shorter than 480 seconds. Pump flows ranged from 2.0 to 2.4 

L/m2/minn during hypothermia (28° to 32°C). Myocardial protection was achieved with 

modifiedd St. Thomas' Hospital solution infused in the aortic root. After decannulation 

heparinn was neutralized with protamine sulfate in a 1:1 ratio. 
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Bloodd acquisition. All systemic blood samples were drawn from the same 

centrall  venous line. The blood samples from the pericardial cavity were taken directly 

fromm the cavity with a 10 ml syringe. Sampling points were after induction, before skin 

incisionn (sample point 1), 5 minutes after the start CPB of (sample point 2), 10 minutes 

beforee release of the aortic crossclamp, at the start of the last distal anastomosis (sample 

pointt 3), and before protamine administration but after removal of the atrial cannula 

(samplee point 4). Systemic blood samples were taken at sampling points 1 through 4 and 

sampless from the pericardial cavity at 2 through 4. Blood samples were taken 

simultaneouslyy at each sampling point. The hematocrit of systemic blood decreased from 

0.333  0.02 L/L to 0.25  0.05 L/L (sample point 2), 0.22  0.03 L/L (sample point 3), and 

0.233  0.02 L/L (sample point 4). This decrease resulted from hemodilution with the 

primingg fluid of the extracorporeal circuit. The hematocrit of pericardial blood samples 

decreasedd to 0.21  0.05 L/L (sample point 2), 0.06  0.04 L/L (sample point 3), and 0.20 

 0.03 L/L (sample point 4). The low hematocrit of pericardial blood at sample point 3 

wass caused by hemodilution with saline and cardioplegic solution. Although the platelet 

countt closely reflected the changes in hematocrit, this count was not reliable in pericardial 

bloodd at sample point 3 because of the low platelet number and the presence of high 

concentrationss of particles or cell fragments, which were erroneously counted as platelets. 

However,, this artifactually increased platelet count did not influence the measurement of 

thee antigen expression on the platelet surface because such measurements were performed 

onlyy on the particles with GPIb expression (platelet material) and the proper forward and 

sidewardd light scatter characteristics of the cell population as assessed by flow cytometry 

(seee the flow cytometric analysis section). 

Monoclonall  antibodies. The following monoclonal antibodies were used in this 

study.. Anti-GPIb (CLB-MB45) was obtained from the Central Laboratory of the 

Netherlandss Red Cross Bloodtransfusion Service, Amsterdam, The Netherlands. The 

antibodyy is directed against GPIb-a. Anti-GPIb was biotinylated as described by 

Hnatowichh and colleagues.14 Fluorescein isothiocyanate (FITC)-labeled PAC-1 was 

providedd by Dr. S.J. Shattil, University of Pennsylvania, Philadelphia. This antibody is 

directedd against the fibrinogen-binding conformation of the (activated) GPIIb-IIIa 

complex.155 FITC-labeled anti-CD63 and FITC-labeled anti-CD62P were obtained from 
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Immunotech,, Marseilles, France. CD63 is present as a transmembrane protein of 

lysosomall  membranes and is not found on resting platelets. On platelet activation, 

lysosomall  membranes fuse with the cell membrane; concurrent with secretion, CD63 

appearss on the plasma membrane. CD62P, also called platelet activation-dependent 

granule-externall  membrane protein or P-selectin, is a transmembrane protein of a-

granuless and is, like CD63, not present on resting platelets. Like CD63, it appears 

concurrentlyy with secretion. Phycoerythrin-conjugated streptavidin was obtained from 

Dakopatts,, Glostrup, Denmark. 

Floww cytometric analysis. Double-label whole-blood flow cytometry was 

performedd essentially as described by Abrams and colleagues15 and Shattil and 

associates,166 with some modifications. Blood was collected in 0.32% trisodium citrate 

(finall  concentration). Within 5 minutes after sampling, 5 ul aliquots of blood were added 

too tubes containing 30 ul N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES) 

bufferr (137 mmol/L sodium chloride, 2.7 mmol/L potassium chloride, 1.0 mmol/L 

magnesiumm chloride, 5.6 mmol/L glucose, 20 mmol/L HEPES, 1 mg/ml albumin, 3.3 

mmol/LL sodium phosphate, pH 7.4), 5 ul anti-GPIb (5 ug/ml final concentration), and, 

wheree indicated, 5 ul of a second FITC-labeled monoclonal antibody directed against 

CD62P,, CD63, or the fibrinogen-binding conformation of the GPIIb-IIIa complex 

(monoclonall  antibody PAC-1). After 15 minutes of incubation at room temperature in the 

dark,, 5 ul tenfold-diluted phycoerythrin-conjugated streptavidin was added. After another 

155 minutes of incubation at room temperature in the dark, 2.5 ml HEPES buffer 

containingg 0.2% paraformaldehyde (weight/volume) was added. No changes in the 

expressionn of surface antigens occurred within 48 hours after fixation if platelets were 

preparedd according to this protocol (Berckmans RJ, unpublished data). To verify our 

methodd of platelet activation analysis by expression of the activation markers, whole 

bloodd obtained from healthy volunteers (n = 8) and anticoagulated with 0.10 mmol/L 

sodiumm citrate (final concentration) was stimulated with 10 umol/L adenosine diphosphate 

inn vitro. The mean fluorescence intensity (MFI) for FITC-labeled anti-GPIb decreased 

fromm 218  20 to 147  24, MFI for FITC-labeled anti-CD62P increased from 3.6  0.5 to 

10.88  4.3, MFI for FITC-labeled anti-CD63 increased from 5.6  0.8 to 9.7  1.5, and 

MFII  for FITC-labeled PAC-1 increased from 11.3  4.2 to 79  32 (mean  standard 
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deviation).. These data indicate that the procedure used to label and fix the platelets can 

detectt platelet activation by increased antigen expression of activation markers as well as 

reducedd expression of GPIb. 

Thee samples were analyzed in a FACScan flow cytometer with PC-lysis software 

(Bectonn Dickinson, San Jose, Calif.). Both forward light scatter and sideward light scatter 

weree set at logarithmic gain, and platelets were found in whole blood by analyzing both 

phycoerythrin-GPIbb fluorescence at 585 nm and light-scattering profile. The surface 

expressionn of activation markers on a population of 5000 platelets was determined by the 

fluorescencee intensity of the FITC label at 515 nm. The threshold for platelet activation 

wass set at 2% for CD62P and CD63 and 5% for PAC-1 with the first systemic blood 

samplee of each patient. The threshold for platelets with reduced expression of GPIb was 

arbitrarilyy set at 10%. Surface expressions of CD62P, CD63, PAC-1 and GPIb were 

comparedd with those in the first systemic blood sample. Data are expressed as the 

percentagee of platelets with decreased (GPIb) or increased (CD62P, CD63, PAC-1) 

expressionn with respect to these arbitrary thresholds. Thus subpopulations of activated 

plateletss may become apparent.17 The data are also expressed as MFI, as an indicator of 

thee antigen expression of the total platelet population. 

Statisticall  analysis. Comparisons within groups were assessed with the 

Wilcoxonn signed-rank test and comparisons between groups were assessed with the 

Mann-Whitneyy U test with SPSS for Windows version 5.1 (SPSS, Inc., Chicago, III.) . 

RESULTS S 

Clinicall  results. No complications occurred during or after the operation. The 

demographicc data from the patients were as follows: six male and one female patient, 

meann age 65 years (range 47 to 72 years), mean CPB time 94 minutes (range 45 to 158 

minutes),, mean aortic crossclamp time 47 minutes (range 21 to 72 minutes), and mean 

postoperativee blood loss within 24 hours after arrival at the intensive care unit 907 ml 

(rangee 435 to 1865 ml). 
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22 3 4 

samplee point samplee point 

Figuree 1. Expression of GPIb in systemic blood (open bars) and in pericardial blood (hatched bars) 

duringg CPB. A, MFI, as an indicator of the activation status of the total platelet population (n = 7, 

meann  standard deviation). B, Percentage of platelets with decreased GPIb expression. The 

thresholdd for platelets with reduced expression was arbitrarily set at 10% for the first systemic blood 

samplee (n = 7, mean  standard deviation). Significant differences from sample point 1 are 

representedd by asterisk(p < 0.05) and pound sign (p < 0.01). 

Platelett  activation analysis. Figure 1 (A) shows the expression of GPIb on the 

platelett surface, as assessed by the MFI, as a measure for the mean surface antigen 

density.. In systemic blood the MFI of GPIb decreased by 10% at the start of CPB (sample 

pointt 2; p = 0.03), 30% before release of the aortic crossclamp (sample point 3, p = 0.04), 

andd 15% at the end of CPB (sample point 4;p = 0.35). The MFI of GPIb in pericardial 

bloodd at sample point 2 decreased by 50% versus (systemic) sample point 1 (p = 0.003), 

51%% before release of the aortic crossclamp (sample point 3; p = 0.009), and 41% at the 

endd of CPB just before the start of protamine (sample point A,p = 0.05). 

Too investigate the possibility that the observed decrease in GPIb expression was 

mainlyy caused by extensive activation of only a subpopulation of the platelets, the 

percentagee of platelets with reduced expression of GPIb was measured. The threshold was 

arbitrarilyy set at 10% of the total population with the first systemic blood sample of each 

patient.. All subsequent blood samples were compared with this first blood sample. Figure 
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11 (B) shows that the number of platelets with reduced expression of GPIb in systemic 

bloodd increased from the arbitrary 10% (sample point 1) to 21% (sample point 2\p = 

0.35),, 27% (sample point 3; p = 0.02) and 24% (sample point 4; p = 0.04). In pericardial 

bloodd the number of platelets with reduced expression of GPIb increased to 55% (sample 

pointt 2;/) = 0.001), 58% (sample point 3; /? = 0.001), and 43% (sample point 4; p = 

0.001).. These findings closely paralleled the observed decrease in expression of GPIb 

seenn as MFI, indicating that the decreased MFI is a feature of the whole platelet 

populationn and not of a subpopulation. 

InIn parallel, the expressions of the activation markers CD62P, CD63, and PAC-1 

weree studied (Table I). To our surprise, no increased expression was observed, not even in 

pericardiall  blood, in which we had expected platelets to be strongly activated. 

Tablee I. Expression of CD62P, CD63 and PAC-1 in systemic and pericardial blood 

Systemicc blood Pericardial blood 
MoAb b 

1 1 

CD62P(MFI)) 5.412.7 8.0 1 6.1 5 6.3  5.6 4.2 1 5.0 9 7.4  6.0 

CD62PP (% act. pit.) 2.0 4 2.3  1.7 1.7  1.6 1.3  1.0 7 2.3  1.6 

CD63(MFI)) 7.6 5 8.7  6.5 7.1 3 8.2  6.6 6.4 4 7.7 2 9.0  8.3 

CD633 (% act. pit.) 2.0 2.9 + 1.3 2.1  0.9 1.3  1.0 1.6  0.8 3.6  3.8 2.6  2.1 

PAC-11 (MFI) 12.7 4 0 8.7 7 8.3 0 11.9 2 8 8.7 3 

PAC-11 (% act. pit.) 5.0 9.2 9 10.0 1 4.0 4 7.6 5 8.0 7 6.013.2 

Dataa are presented as mean  SD. MoAb, Monoclonal antibody; % act. ph., % activated platelets. 

DISCUSSION N 

Ass in most other studies, we found a decrease in expression of GPIb in systemic blood 

(10%% to 30%). In pericardial blood this expression decreased approximately 50%. It may 

seemm surprising that we did not notice a subpopulation of platelets with a GPIb surface 
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expressionn reduced by 50% in the systemic circulation as a result of return of the 

pericardiall  blood during the operation. During our study, however, which involved routine 

operationss in patients at low risk, the amount of pericardial blood returned to the patient 

wass approximately 0.5 L. Because pericardial blood is diluted about tenfold, this is 

comparablee to approximately 50 ml undiluted whole blood. When returned into the 

systemicc circulation, the number of platelets that originated from pericardial blood would 

bee 1% of the total platelet population or less, which is too low to be accurately detected by 

floww cytometry. Alternatively, the absence of such a subpopulation may be caused either 

byy adsorption of platelets to the surface of the extracorporeal circuit or by clearance by the 

liverr and the reticuloendothelial system. Conversely, such a small volume of platelets 

fromm the pericardial blood can not cause the reduced GPIb expression detected on the 

plateletss in the systemic circulation. This would imply that the platelets in the circulation 

alsoo become affected by nonpericardial processes. In more complicated operations, larger 

bloodd volumes are being collected in the pericardial cavity and are returned into the 

patient;; thus they may become more important for the overall systemic blood platelet 

activationn analyses. 

Inn this study we incubated the platelets in whole blood for 30 minutes at room 

temperature,, with the antibodies added before fixation. Although this method optimizes 

thee detection of all platelets present, it may lead to some underestimation of the GPIb 

disappearance.. Michelson and colleagues18,19 reported that plasmin and thrombin at 37°C 

decreasee GPIb expression as much as 30% to 50% and 20% to 50% of the initial value, 

respectively.. After inactivation of the plasmin or thrombin, platelets can replenish their 

surfacee GPIb from an intraplatelet pool as much as 75% to 80% and 70% to 90% of the 

initiall  value, respectively. Still, we chose the method of antibody incubation before 

insteadd of after fixation because the latter method requires isolation of the fixed platelets 

beforebefore incubation with antibodies. This isolation may result in major loss of platelets, with 

highh risk of losing subpopulations. In addition, the fixative changes the epitopes and thus 

necessitatess use of different antibodies.16 

Thee mechanism behind the disappearance of GPIb remains to be established. For 

instance,, whether proteolysis of GPIb occurs in whole blood is unknown, because the in 

vitroo experiments from Michelson and colleagues18,19 were performed with high 
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concentrationss of plasmin and washed platelets, in the absence of plasmin inhibitors. 

Similarr findings were reported for cathepsin G, which reduced the expression of GPIb in a 

washedd platelet system but not in whole blood.20 Compared with systemic blood, 

pericardiall  blood contains relatively high concentrations of the thrombin-antithrombin III 

complex,, tissue plasminogen activator, and fibrin degradation products, indicating that 

especiallyy in pericardial blood both thrombin and plasmin are generated despite 

anticoagulationn with heparin.12,13'21 Whether thrombin, plasmin or both are responsible 

forr the disappearance of GPIb in pericardial blood is a subject for further investigation. 

Thee clinical relevance of GPIb disappearance during CPB remains under debate. 

Too determine the role of GPIb under flow conditions, we recently performed experiments 

withh whole blood from healthy volunteers under flow conditions in which GPIb had been 

partiallyy "knocked out" by a monoclonal antibody or by internalization after stimulation 

off  the thrombin receptor. As much as 50% to 60% disappearance of GPIb did not affect 

platelett adhesion under flow conditions on various substrates, such as collagen type III 

andd von Willebrand factor.22 These findings are in line with the absence of bleeding 

complicationss in patients heterozygous for Bernard-Soulier disease and indeed question 

thee functional consequences of GPIb disappearance for platelet adherence during CPB in 

patientss at low risk. On the other hand, because GPIb functions not only as a platelet 

adhesionn receptor but also as a high-affinity receptor for thrombin, it is possible that a 

partiall  disappearance of GPIb affects platelet activation by thrombin.23-24 

Inn this study no changes were found in expression of the activation markers 

CD62P,, CD63, and PAC-1. The absence of an increase in expression of CD62P may be 

explainedd by the subsequent release of this receptor from the surface of activated platelets, 

ass shown recently by Michelson and coworkers.25 In addition, Santoso and associates26 

describedd receptor capping upon platelet stimulation in washed platelets as a result of 

incubationn of unfixed platelets with specific monoclonal antibodies against GPIIb-IIIa. 

Wee cannot exclude the possibility that receptor capping also occurs in whole blood; 

however,, it does not prevent the detection of platelet activation, as shown by the response 

off  blood from healthy volunteers on stimulation (see Material and Methods). On the other 

hand,, the binding of the monoclonal antibody PAC-1 may be preceded by binding of 

fibrinogen,, making this GPIIb-IIIa conformation inaccessible to PAC-1. At present we do 
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nott have an explanation for the absence of an increased CD63 expression, except by 

assumingg that extensive platelet activation with the associated secretory reaction is 

evidentlyy absent. 

Takenn together, the data indicate that the GPIb molecules disappear in part from 

thee platelet surface in the systemic blood, and more notably in the pericardial blood, 

withoutt signs of extensive platelet activation. 
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Microparticless are procoagulant 

ABSTRACT T 

Background::  Microparticles from platelets and other cells have been extensively studied 

andd characterized in vitro. Although the level of platelet-derived microparticles is elevated 

inn a variety of diseases, including cardiac surgery, virtually nothing is known about their 

functionss in vivo. The aim of the present study was to investigate the procoagulant 

propertiess of microparticles generated in vivo. 

Methodss and results: In 6 patients at the end of cardiopulmonary bypass, 14.8 x 109/L 

(median;; range, 9.7 to 27.4 x 109/L) platelet-derived microparticles were present in 

pericardiall  blood, whereas blood obtained from the systemic circulation contained 1.6 x 

107LL (median; range, 0.4 to 8.9 x 109/L) of such microparticles, as determined by flow 

cytometry.. Microparticles stained positively for phosphatidylserine as determined with 

labeledd annexin V. In contrast to systemic blood, pericardial blood contained not only 

microparticless of platelet origin but also microparticles that originated from erythrocytes, 

monocytes,, or granulocytes, and other hitherto unknown cellular sources. Plasma prepared 

fromm pericardial blood and to a lesser extent plasma from systemic blood obtained at the 

samee time, stimulated formation of thrombin in vitro. This activity of pericardial plasma 

wass lost after removal of its microparticles by high-speed centrifugation, whereas the 

correspondingg microparticle pellet was strongly procoagulant. The generation of thrombin 

inn vitro involved a tissue factor/factor VII-dependent and factor XII-independent pathway. 

Conclusions::  This study is the first to demonstrate that microparticles generated in vivo 

cann stimulate coagulation. 
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INTRODUCTIO N N 

Microparticless from platelets and other cells have been extensively studied and 

characterizedd in vitro. When isolated platelets are stimulated with a combination of the 

physiologicall  agonists a-thrombin and collagen, the terminal complement proteins C5b-9 

orr the Ca2+-ionophore A23187, they release large quantities of microparticles.1'2 Both 

activatedd platelets and microparticles express the aminophospholipid phosphatidylserine 

(PS),, thereby providing an essential procoagulant surface that supports the formation of 

activatedd clotting enzymes, i.e., tenase-and prothrombinase complexes on membranes.3 

Comparedd with activated platelets, microparticles contain a higher density of high-affinity 

bindingg sites for activated factor IX (IXa)4 and factor Va.2 They have a continuous 

expressionn of high-affinity binding sites for factor VIII 5 and support both factor Xa 

activity66 and prothrombinase activity.2'7 In addition, inactivation of factor Va by activated 

proteinn C is enhanced in the presence of either activated platelets or microparticles, 

suggestingg that microparticles may also have anticoagulant properties.1 In vitro, 

procoagulantt microparticles can not only be derived from platelets but also from other 

cellss such as endothelial cells on interaction with complement, or monocytess stimulated 

withh endotoxin. ' The presence of microparticles derived from other cells than platelets 

has,, to the best of our knowledge, not been demonstrated in vivo. Increased numbers of 

platelet-derivedd microparticles in the circulation have been reported in patients undergoing 

cardiacc surgery,10 plasmapheresis,11 or coronary angiography,12 as well as in patients 

sufferingg from diabetes,13 heparin-induced thrombocytopenia,14 infarctions,15 uremia,16 

idiopathicc thrombocytopenic purpura17 and diffuse intravascular coagulation.18 However, 

theirr functional activity in vivo remains unclear, which is especially due to the fact that the 

numberss of microparticles in these clinical conditions is low. 

Duringg cardiopulmonary bypass (CPB), blood becomes activated by extensive 

contactt with the extracorporeal circuit of the heart-lung machine. This contact leads via 

activationn of the factor XII-dependent contact-activation pathway to activation of the 

complementt system as well as coagulation and fibrinolysis.19 Until recently, this so-called 

material-dependentt activation of blood was thought to be the major if not the only cause of 

bloodd activation during heart surgery. Recently, however, several investigators showed 
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thatt material-independent blood activation also occurs, especially in the operation field. 

Here,, numerous blood vessels are cut or become damaged, and blood oozes into the 

pericardiall  cavity. Blood collected from this site (further designated as pericardial blood) 

hass been in extensive contact with damaged tissues, and, as some studies show " 

containss high concentrations of tissue-type plasminogen activator and tissue factor, which 

triggerr fibrinolysis and extrinsic coagulation, respectively. 

Inn the present study we addressed the question whether pericardial blood, 

obtainedd from patients undergoing coronary bypass surgery, may contain cell-derived 

microparticless that support coagulation. Our results show that pericardial blood is indeed 

richh in platelet-derived microparticles, but also in erythrocyte- and monocyte- or 

granulocyte-derivedd microparticles and supports coagulation in vitro via a microparticle-

associatedd tissue factor/factor VII-dependent pathway. 

METHOD S S 

Reagentss and assays. Reptilase was obtained from Boehringer Mannheim, 

thrombinn substrate S2238 from Chromogenix AB, heparinase from Baxter Diagnostics, 

humann albumin, and murine anti-GPIb (CLB-MB45) and murine normal serum from the 

Centrall  Laboratory of the Netherlands Red Cross Bloodtransfusion Service (Amsterdam, 

Thee Netherlands). This monoclonal antibody (MoAb) was biotinylated as described 

earlier.222 PE-conjugated streptavidin, glycophorin A MoAb-FITC and anti-CD61-FITC 

MoAbb were obtained from Dakopatts. IgGrFITC, IgG2b-FITC, andanti-CD14 MoAb-PE 

weree derived from Becton Dickinson, and the Ca2+-ionophore A23187 from Calbiochem. 

Artificia ll  phospholipid vesicles containing 20% PS, 40% phosphatidylcholine, and 40% 

phosphatidylethanolaminee were kindly provided by Dr M. van Wijnen (Department of 

Hematology,, University Hospital Utrecht, Utrecht, The Netherlands). Kaolin was provided 

byy B.L.B. Laboratoires du Bois de Boulogne (Puteaux, France), dynabeads M-280 

streptavadinn from Dynal A.S. (Oslo, Norway), FITC-labeled annexin V and biotin-labeled 

annexinn V from Nexins Research B.V. (Hoeven, The Netherlands), and factor VII - and 

factorr XII-deficient human plasma from Biopool (Burlington, Ontario, Canada). OT-2, a 
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MoAbb directed against the active site of factor XII and Xlla, was preparedas described 

earlier.233 Purified tissue factor pathway inhibitor (TFPI) was a kind gift of Dr A.A. 

Creaseyy (Chiron Corp, Emeryville, Calif). All other chemicals were of the highest grade 

commerciallyy available. 

Clinicall  studies. Six patients who underwent CPB for coronary bypass grafting 

weree studied. These patients were connected to an extracorporeal circuit (ECC), which 

consistedd of a Diceco D704 compac flow system oxygenator and S3 rollerpump. Polyvinyl 

chloridee tubing was used throughout the circuit, except for the rollerpump, which was 

siliconn rubber. The priming of the ECC contained Ringer's lactate (1.3 L), human albumin 

(2000 mL 20% [wt/vol]), mannitol(100 mL 20% [wt/vol]), NaHC03 (50 mL 8.4% 

[wt/vol]) ,, heparin (50 mg/L), and cefamandol (2 g). Heparin (3 mg/kg) was given 

intravenouslyy before cannulation of the aorta and repeated in a dose of 50 mg whenever 

thee activated clotting time (Hemochron) became less than 480 seconds. Pump flows 

rangedd from 2.0 to 2.4 L.m"2.min._I during moderate hypothermia (28 to 32°C). 

MyocardialMyocardial protection was achieved with modified St Thomas solution infused in the 

aorticc root, after clamping and external topical cooling. Systemic blood samples were 

obtainedd after anesthesia, but before skin incision (1); approximately 5 minutes after start 

CPBB (2); 10 minutes before release of the aortic clamp at the start of the last distal 

anastomosiss (3); and 5 to 10 minutes after release of the aortic clamp (4). Pericardial 

bloodd was sampled at time points 2, 3, and 4. The study protocol was approved by the 

Medicall  Ethical Committee of the Onze Lieve Vrouwe Gasthuis. All patients had given 

informedd consent to participate in the study. 

Collectionn of blood samples. Systemic blood samples were drawn from the 

samee central venous line. Pericardial blood was sampled directly from the pericardial 

cavityy with a 10 mL plastic syringe. Blood was immediately put into plastic tubes 

containingg 1/10th volume of 3.2% trisodiumcitrate. Cells were removed by centrifugation 

forr 15 minutes at 1550g at room temperature. Plasma samples were stored in aliquots at -

70°CC until tests were performed. 

Floww cytometric analysis. Flow cytometry was performed as described by 

Shattill  et al,10with some modifications. The citrate-anticoagulated blood was added in 5-

uLL aliquots to tubes containing 35 uLof HEPES buffer (137 mmol/L NaCl, 2.7 mmol/L 
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KC1,, 1.0 mmol/L MgCl2, 5.6 mmol/L glucose, 20 mmol/L HEPES, 1 mg/mL albumin, 3.3 

mmol/LL NaH2P04, pH 7.4) and 5 |iL biotin-labeled anti-GPIb (5 ug/mL final 

concentration).. After 15 minutes of incubation at room temperature in the dark, 5 uL of 

10-foldd diluted phycoerythrin-conjugated streptavidin was added. After another 15 

minutess at room temperature in the dark, 2.5 mL HEPES-buffer containing 0.2% 

paraformaldehydee (wt/vol) was added. No changes in the expression of surface-antigens 

occurredd within 48 hours after fixation if platelets were prepared according to this 

protocol.. The samples were analyzed in a FACScan flow cytometer with PC-lysis 

softwaree (Becton Dickinson). Both forward light scatter and sideward light scatter were 

sett at logarithmic gain, and platelets or platelet-derived material was identified in whole 

bloodd by analyzing the phycoerythrine-glycoprotein lb fluorescence at 585 nm. Regions 

weree identified, corresponding to microparticles (Rl), platelets (R2) and complexes of 

platelets,, platelets and leukocytes, and possibly platelet-derived microparticles and 

leukocytess (R3), respectively. Preliminary experiments performed in our laboratory 

confirmedd that platelets stimulated in whole blood or in platelet rich plasma with the Ca2+-

ionophoree A23187 (5 minutes incubation at 37°C, 2.5 umol/L fc.) shedded microparticles 

thatt were exclusively found in Rl and were highly positive for annexin-V-FITC. The 

absolutee concentration of microparticles, i.e., corrected for hemodilution in sample x, was 

calculatedd by using the following formula: [(platelet count in blood samplex/% cells in 

R2X)) x (% particles in R IJ x (hematocrit in first systemic sample/hematocrit in blood 

samplex)],, in which the platelet count in the blood sample was determined on a SYSMEX 

30000 (ToaMedical Electronics Co, Ltd), the % cells in R2 and Rl were the % of GPIb-

positivee events in R2 (platelets) and Rl (microparticles) as determined by flow cytometry, 

respectively. . 

Preparationn of microparticles in vitr o and staining with annexin V-FITC . 

Citrate-anticoagulatedd blood obtained from healthy volunteers was diluted 10-fold in 

HEPES-bufferr (pH 7.4). Microparticles were generated by incubation with 0.001 volume 

off  the Ca2+-ionophore A23187 (final concentration, 2.5 umol/L), dissolved in ethanol, for 

300 minutes at room temperature. After centrifugation for 15 minutes at 700g at room 

temperature,, plasma was removed and centrifuged for 1 hour at 13,000g at room 

temperature.. The supernatant plasma was carefully removed by aspiration and the pellet 
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wass gently resuspended in 1 mL phosphate-buffer saline (PBS) (pH 7.4). This 

microparticlee suspension was again centrifuged at 13,000g for 1 hour at room temperature. 

Thee pellet was finally resuspended in 1/801 volume of apopbuffer, prepared according to 

thee manufacturers instructions (Nexins Research B.V.). The microparticle fraction was 

dilutedd 20-fold in apopbuffer containing annexin-V-FITC (20 nmol/L fc), and left in the 

darkk for 15 minutes at room temperature before addition of 2 volumes of apopbuffer. 

Microparticless present in patient blood were isolated similarly, but A23187 was not added. 

Identificatio nn of microparticles by flow cytometry. Isolated microparticles (5 

uL)) were diluted in apopbuffer (35 uL), containing an additional 5 uL 500-fold prediluted 

normall  mouse serum. After incubation for 15 minutes at room temperature, isotype-

matchedd control antibodies or cell-specific MoAbs, labeled with either FITC or PE, were 

addedd and the mixture was incubated in the dark for 15 minutes at room temperature. 

Subsequently,, 250 uL apopbuffer was added, containing annexin V-FITC (20 nmol/L fc.) 

orr annexin V-PE (5 nmol/L fc). Microparticles were washed once with PBS (pH 7.4) 

beforee flow cytometry. 

Endogenouss thrombin potential (ETP). The thrombin generation assay was 

performedd as described by Kessels et al.24 To prepare normal pooled plasma, blood was 

obtainedd from 40 healthy volunteers who had not taken any medication during the 

previouss ten days. Plasma was prepared from citrate-anticoagulated blood by 

centrifugationn at 1550g for 15 minutes at room temperature, removed, pooled, and stored 

inn 1 mL aliquots at -70°C until use. After thawing, reptilase was added and the plasma 

incubatedd for 10 minutes at 37°C and, subsequently, for 10 minutes on melting ice. The 

fibrinn clot was removed by rotating a plastic spatula. Patient plasma samples were not 

defibrinated,, since only 20 uL of this plasma was added to 240 uL of normal pool plasma 

inn all experiments and microparticles adhere to fibrin.25 To prevent interference by 

heparin,, which is administered to the patient during cardiac surgery, patient plasma 

sampless were deheparinized by treatment with heparinase for 30 minutes at room 

temperature.. The heparinase treatment is known to successfully remove up to 10 U/mL 

heparinn from the plasma without interference with the thrombin generation assay (see 

Referencee 26; also our data, not shown). Where indicated, deheparinized patient plasma 

(8000 uL) was centrifuged at 13,000g for 1 hour at room temperature. After centrifugation, 
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7000 uL of the plasma was carefully removed (supernatant plasma) by aspiration, and the 

pellett was resuspended in the remaining plasma (100 uL). For some experiments, the 

plasmaa was entirely removed, the pellet washed once in 1 mL PBS containing 0.1% 

(wt/vol)) bovine serum albumin (PBS-BSA), centrifuged as described above, and 

resuspendedd in 100 (iL PBS-BSA. In all experiments, 20 uL of patient plasma or of the 

washedd pellet suspension was added to 240 uL normal pool plasma. This ratio was used to 

providee a sufficient amount of plasma coagulation factors. At t=0, thrombin generation 

wass triggered by the addition of 60 uL CaCl2 (17 mmol/L fc.) to a prewarmed(37°C) 

mixturee of plasma (240 uL) and buffer A (60 uL; buffer A: 50 mmol/L Tris-HCl, 100 

mmol/LL NaCl; pH 7.35). At fixed intervals after t=0, 10 uL were removed from this 

mixturee and added to prewarmed (37°C) buffer containing 4 mmol/L of the chromogenic 

substratee S2238 and 20 mmol/L EDTA. After 3 minutes, the conversion of S2238 was 

stoppedd by the addition of 300 ^L citric acid (1.0 mol/L) and the generation of p-

Nitroanilinee was determined on a spectrophotometer at A.=405 nm. The thrombin 

generationn curve is characterized by a lagtime, a transient rise of thrombin amidolytic 

activityy and a partial return to baseline level. This curve is the sum of both generation of 

thee prothrombin activating enzyme complex and inactivation processes, i.e., the binding of 

thrombinn to for example antithrombin III and a 2-macroglobulin. From this curve the 

velocityy of prothrombin conversion can be calculated independent of thrombin 

inactivationn processes. In some of our present experiments, part of buffer A (60 uL) in the 

mixturee with normal pool plasma was replaced by artificial phospholipid vesicles (20 \ih) 

orr kaolin (20 uL). 

Preparationn of dynabeads. Streptavidine-coated dynabeads (1.0 mg) were 

washedd four times with PBS-BSA according to the instructions provided by the 

manufacturer,, i.e., incubation for 2 to 3 minutes in a dynal MPC-E magnetic particle 

concentrator.. Finally, the pellet was resuspended in either 570 uL PBS containing biotin-

labeledd annexin V (100 ng/mL) or 570 ^L PBS. After rotation for 60 minutes at room 

temperature,, the beads were washed five times with 1 mL PBS-BSA, and stored until use 

(alll  manipulations at room temperature). Before use, beads were washed twice with 1 mL 

Tris-bufferr (50 mmol/L Tris-HCl, 100 mmol/L NaCl, 0.05% (wt/vol) albumin and 17 

mmol/LL CaCl2; pH 7.35). Then the pelleted beads were added to resuspended pellets of 
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washedd pericardial microparticles in a total volume of 150 |iL Tris-buffer. Subsequently, 

thee samples were rotated for 1 hour at room temperature to remove the beads. The 

supernatantt was stored for a maximal 2 hours at room temperature until use. 

Statisticall  methods. Data were analyzed with SPSS for Windows, release 6. 

Differencess were considered statistically significant at P<.05. For direct comparison of the 

numberr of microparticles in blood samples, Wilcoxon matched-pairs signed-rank test was 

used.. Student's t test for paired samples was used to compare the means of the number of 

microparticless present in systemic and pericardial blood collected simultaneously. 

RESULTS S 

Platelet-derivedd microparticles in the systemic circulation and in pericardial 

blood.. To investigate the presence of platelet-derived microparticles in the circulation of 

patientss undergoing coronary bypass surgery, blood was collected as described in 

"Methods""  and analyzed by whole blood flow cytometry. Fig 1 shows representative dot 

blotss of blood samples collected at the end of the operation and obtained from a single 

patient.. Blood collected from the pericardial cavity (Fig IB) contained substantial 

numberss of microparticles that expressed the platelet identification marker GPIb (region 

Rl)) and blood simultaneously collected from the systemic circulation contained 

considerablyy less (Fig 1A). 

Too determine the concentration of microparticles generated during coronary 

bypasss surgery, in the systemic circulation as well as in pericardial blood, blood from 5 

additionall  patients undergoing coronary bypass surgery was analyzed. Table 1 shows the 

concentrationn of platelet-derived microparticles, corrected for hemodilution. The 

concentrationn of these microparticles in the circulation significantly increased during CPB 

(P=.021).(P=.021). The concentration of such microparticles was significantly higher in the 

pericardiall  blood samples at collection points 3 and 4 (each P=.028). 
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Figuree 1. Representative dot plots of platelets and platelet-derived material in systemic (A) and 

pericardiall  blood (B). Blood was obtained from the systemic circulation and from the pericardial 

cavityy at the end of the bypass procedure before release of the aortic clamp. These dot plots are 

typicall  examples of FSC/SSC plots obtained with blood samples from the same donor. Blood was 

analyzedd by flow cytometry for GPIb-positive cells and particles as described in "Methods." The 

regionss Rl, R2, and R3, therefore, represent platelet-derived microparticles (Rl), platelets (R2) and 

platelet-platelet,, or platelet-white blood cell aggregates and possibly platelet-derived microparticle-

leukocytee complexes (R3). Identical results were obtained with the other five patients. 

Tablee 1. Course of platelet-derived microparticle concentration during cardiac surgery 

No.. of GPIb-positive microparticles 

Samplee point Systemic blood*  Pericardial blood 

ii  1.6(0.4-2.2) 

22 1.9(0.4-3.2) 4.0(2.3-4.4) 

33 1.3(0.4-3.6) 14.1 (9.7-27.4)J 

44 2.3 (0.5-7.7)+ 6.4(4.1-12.1)* 

*A111 data are presented as median (range), n=6. fP<.03 (Wilcoxon matched-pairs signed-rank) when 

comparedd with the first systemic blood sample; J and §P<.03 when compared with the corresponding 

systemicc blood samples. Blood from 6 patients undergoing heart surgery was collected after 

anesthesiaa (1), 5 to 10 minutes after start of CPB (2), 10 minutes before (3), and after (4) release of 

thee aortic clamp at the end of the bypass procedure. Blood was analyzed by flow cytometry as 

describedd in "Methods" for GPIb-positive particles. The number of microparticles was calculated as 

describedd in "Methods". 
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Stainingg of microparticles generated in vitr o and in vivo with annexin V. 

Too compare microparticles generated in vitro and in vivo for their annexin V binding 

properties,, microparticles were generated in blood from healthy volunteers by incubation 

withh A23187 (in vitro microparticles), and compared with microparticles from pericardial 

bloodd (in vivo generated microparticles). Fig 2 shows that microparticles generated in 

vitroo (upper panels) stained positively for annexin V-FITC (FL-1 fluorescence, Fig 2A), as 

didd microparticles isolated from pericardial blood (Fig2C). In the absence of annexin V, 

noo FL-1 fluorescence was observed (Figs 2B and 2D). Microparticles isolated from 

systemicc blood yielded similar results. 
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Figuree 2. Exposure of PS on microparticles. Blood obtained from healthy volunteers was stimulated 

withh the Ca2+-ionophore A23187 (2.5 (imol/L) and microparticles were isolated and incubated with 

(A)) or without (B) annexin V-FITC (20 nmol/L) in apopbuffer as described in "Methods". 

Similarly,, microparticles isolated from pericardial plasma at the study point 3 were incubated with 

(C)) or without (D) FITC-annexin V. The dot plots shown are representative examples of SSC/FL-1 

plotss and were obtained within one experiment. 
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Identificatio nn of microparticles in systemic and pericardial blood. To provide 

directt evidence that (part of) the microparticles present in systemic and pericardial blood 

weree platelet-derived, double labeling experiments, in which anti-GPIb-directed MoAb 

wass used in combination with annexin V, were performed on isolated microparticles. In 

contrastt to whole blood, however, microparticles were negative for GPIb. Since it is 

knownn that GPIb is highly susceptible to proteolysis,27'28 we considered the possibility that 

duringg isolation GPIb was lost from microparticles. Therefore, anti-GPIIIa(CD61) was 

usedused instead of anti-GPIb. GPIIIa is part of the integrin GPIIb/IIIa complex, which is 

presentt only on platelets and megakaryocytes. When isolated microparticles from systemic 

bloodd were incubated with anti-CD61-FITC, approximately 90% of the total microparticle 

fractionn was found to be positive for CD61 (Fig 3B), in comparison to an FITC-labeled 

isotypee control antibody (Fig 3 A). Upon incubation with PE-labeled annexin V, about 

90%% of the microparticles bound this indicator for PS-exposure as shown by an increase in 

FL-22 fluorescence (Fig 3D), which was not observed in the absence of annexin V (Fig 3C). 

Whenn neither antibody nor annexin V was added, all microparticles were in the lower left 

quadrant,, indicating that no autofluorescence occurred (Fig 3E). In the presence of both 

anti-CD611 and annexin V, more than 90% of the microparticles bound CD61 as well as 

annexinn V (Fig 3F). When IgGrFITC was added in combination with annexin V-PE, no 

FL-11 fluorescence was observed and only a major increase in FL-2 fluorescence occurred 

(nott shown). 

Aboutt 25% of the microparticle fraction of pericardial blood bound anti-CD61-

FITCC (Fig 4B) when compared with control IgGrFITC (Fig 4A). The number of 

microparticless that bound annexin V-PE varied in different experiments from 44% to 58% 

andd was lower than annexin V-FITC (Figs 4C and 4D; compare with Fig 2C). When 

microparticless were double-labeled with anti-CD61-FITCand annexin V-PE, almost all 

platelett microparticles, i.e., positive for anti-CD61-FITC, bound annexin V-PE (Fig 4F; 

topp right quadrant). 
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Figuree 3. Binding of anti-CD61 and annexin V to microparticles isolated from systemic blood. 

Microparticless were isolated from systemic blood at study point 3 as described in "Methods" and 

analyzedd by flow cytometry. Microparticles were incubated with control IgGpFITC (A; FITC-

fluorescencee represented by Fl-1) or anti-CD61-FITC (B); without or with annexin V-PE (C and D, 

respectively;; PE-fluorescence represented by Fl-2); no additions (E); or with a combination of anti-

CD61-FITCC and annexin V-PE (F). The upper right panel of F shows microparticles positive for 

anti-CD61-FITCC (Fl-1) and annexin V-PE (Fl-2). 
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Figuree 4. Identification of microparticles in pericardial blood and binding of annexin V. 

Microparticless were isolated from pericardial blood at study point 3 as described in "Methods" and 

analyzedd by flow cytometry. Microparticles were incubated with control IgGrFITC (A; FITC-

fluorescencee represented by Fl-1) or anti-CD61-FITC (B); without or with annexin V-PE (C and D, 

respectively;; PE-fluorescence represented by Fl-2); no additions (E); or with a combination of anti-

CD61-FITCC and annexin V-PE (F). In addition, the microparticle fraction was incubated with anti-

CD14-PEE (H) or IgG2a (G) and anti-glycophorin A-FITC (J) or IgGl-FITC (I). 

Thuss in contrast to systemic blood that predominantly contained platelet-derived 

microparticles,, microparticles in pericardial blood were derived from other cell types as 

well.. Ass shown in Figs 41 and 4J, pericardial blood also contained microparticles that 

boundd anti-glycophorin A-FITC, indicating that these microparticles originated from 

erythrocytes.. About 45% to 50% of the total microparticle population bound this antibody 

andd in addition bound annexin V-FITC in double-labeling experiments (not shown). Thus, 

microparticless in pericardial blood are predominantly of platelets and erythrocyte origin. 

Preliminaryy data indicated that a small population of about 5% of the total microparticle 

fractionn bound anti-CD 14-PE, and, therefore, likely originated from monocytes or 

granulocytess (Fig 4G and 4H). Approximately 20% of the microparticles were of as yet 

unknownn cellular source. 

Thrombi nn generation by the total microparticl e population. Upon addition of 

Ca2+-ionss to pooled normal plasma only a modest amount of thrombin was generated after 

aa lagtime of 5 to 6 minutes (Fig 5A). Incubation of pooled normal plasma with both Cat-

ionss and artificial phospholipid vesicles, which provide a negatively charged surface that 

facilitatess the binding of coagulation factors, shortened the lagtime to 0 seconds 

(n=6;; ) and thrombin was generated 3 nmol/L; n=6). In the presence 

off  artificial phospholipid vesicles and kaolin, a trigger of the intrinsic factor XII -

dependentt coagulation pathway, a similar amount of thrombin was generated 

55 nmol/L), but with a shorter lagtime 2 seconds). On addition of 

deheparinizedd patient plasma (20 uL) collected at study point 3 from the systemic 
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circulation,, the capacity of pooled normal plasma to generate thrombin slightly increased 

(Figg 5B). When a similar amount of pericardial plasma was added, the lagphase was 

shorterr and the capacity to generate thrombin was increased. To demonstrate that the 

thrombin-generatingg activity of the patient plasma samples was due to the presence of 

microparticles,, plasma samples were centrifuged for 1 hour after treatment with 

heparinaseass described in "Methods." The microparticle-rich pellet was resuspended in 

microparticle-poorr plasma (see "Methods"). Fig5C shows the effect of the addition of 

eitherr microparticle-poor plasma or the microparticle-enriched plasma to pooled normal 

plasmaa on the thrombin generation. Addition of the systemic microparticle-poor patient 

plasmaa did not support the generation of thrombin (Fig 5C). In contrast, addition of the 

microparticle-enrichedd systemic plasma caused a considerable increase in thrombin 

generationn in normal plasma, although still a lagphase of 4 to 5 minutes occurred. When 

thee microparticle-poor pericardial plasma was added, a minor increase in thrombin 

generationn was observed compared with the control of pooled normal plasma (Fig 5D). 

Additionn of an equal volume of the microparticle-enriched pericardial plasma induced a 

markedd increase in the capacity to generate thrombin and the lagphase shortened to less 

thann 1 minute. To obtain further evidence for involvement of microparticles in thrombin 

generation,, isolated microparticles (see "Methods") were absorbed with uncoated- or 

annexinn V-coated beads toremove PS-carrying microparticles. After removal of the beads, 

thee remainder of the microparticle fraction was used to determine the ability to support 

thrombinn generation. This experiment was performed twice with isolated pericardial 

microparticles,, obtained from two different donors. When treated with uncoated beads, the 

amountt of thrombin generated decreased from 347 (untreated control) to 294 nmol/L 

(donorr 1) and from 346 to 246 nmol/L for donor 2. When treated with annexin V-coated 

beads,, the ETP decreased more extensively to 137 and 86 nmol/L (donor 1) and to 129 and 

1466 nmol/L (donor 2). 

Coagulationn pathway involved in thrombin generation by microparticles. 

Additionall  experiments were performed to determine whether the observed generation of 

thrombinn in pooled normal plasma in the presence of pericardial pellet was due to 

stimulationn of the intrinsic (factor XII ) or extrinsic (factor VII ) pathway of coagulation. 
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Figuree 5. Thrombin generation in pooled normal plasma (A) or in pooled normal plasma 

supplementedd with plasma samples obtained from patients undergoing heart surgery before (B) and 

afterr (C, D) high-speed centrifugation. A, Thrombin generation in pooled normal plasma upon 

additionn of Ca2+-ions alone (V; shown as control in figures A through D), or in the presence of 

artificiall  phospholipid vesicles (A), or artificial phospholipid vesicles and kaolin (A). B, Thrombin 

generationn in normal pool plasma (240 uL), supplemented with deheparinized patient plasma (20 

uL;; systemic plasma [o]; pericardial plasma . Systemic (C) and pericardial plasma (D) were 

subjectedd to high-speed centrifugation as described in "Methods". Subsequently, 20 uL of the high-

speedd plasma samples (O,D) and the resuspended pellet samples , prepared as described in 

"Methods,""  were added to pooled normal plasma. The tracings represent typical examples and were 

obtainedd from a single experiment. A total number of 3 experiments were performed. 
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Wee washed the pellet derived from the pericardial sample in buffer to remove the 

remainingg plasma and thus exclude the presence of (activated) coagulation factors from 

thatt source. Typical results are presented in Figs 6B and 6C and the overall results in 

Tablee 2. When the washed pellet was added to factor XII-deficientplasma (n=6), no 

inhibitionn of thrombin generation or increase in lagtime was observed when compared 

withh normal pool plasma (Table 2). Also, preincubation with MoAb OT-2, which 

functionallyy inhibits factor XII and factor Xlla, had no effects, whereas this antibody 

stronglyy delayed the kaolin-induced procoagulant activity of normal plasma (not shown). 

Thesee findings suggested that factor XII plays no major role under these conditions. On 

thee other hand, when the pellet was added to factor VII-deficient plasma, the lagphase 

increasedd from 26 to 152 seconds, suggesting an involvement of the tissue factor/factor 

VI II  pathway. Further evidence for a role of factor VII was provided by the finding that no 

thrombinn was generated when the pellet was added to pooled normal plasma in the 

presencee of tissue factor pathway inhibitor (n=6; 0.4 umol/L, final concentration). 

Tablee 2. Reconstitution of washed pericardial microparticles in normal pool plasma or in 

coagulationn factor-deficient plasma: Effect on generation of thrombin. 

Normall  pool plasma 

VII-Deficientt plasma 

Normall  pool plasma + 

XII-Deficientt plasma 

Normall  pool plasma + 

TFPI I 

MoAbb OT-2 

ETP,, nmol/L 

3811 2 

4333  67 

<10# # 

4511  94 

3988 1 

TP,, nmol/L 

966 2 

1422 4 

<< 10" 

1266 4 

1066 4 

Lagg Time, s 

266  14 

1522  11* 

>900# # 

344 6 

355 6 

ETPP indicates endogenous thrombin potential; TP, thrombin potential; (n=6). UP<.00\ (t test for 

pairedd samples was used to compare all data with normal pool plasma). Microparticles were isolated 

fromm patients undergoing cardiac surgery and were prepared as described in "Methods". 
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Figuree 6. Thrombin generation of washed pericardial pellet after preincubation with annexin V-

coatedd beads (A) and the effect of inhibition of the intrinsic (B) and extrinsic (C) coagulation 

cascade.. Washed pericardial pellet was prepared as described in "Methods." A, Thrombin 

generationn in pooled normal plasma upon addition of 20 nL of washed pericardial pellet (T; same 

symboll  in B and C) and the effect of preincubation of the washed pellet with either annexin V-

coatedd beads (a) or with uncoated beads . As a control only Ca2+-ions were added (V; same 

symboll  in B and C). B, Thrombin generation by 20 uL of washed pericardial pellet in factor XII -

deficientt plasma (a) or in pooled normal plasma supplemented with OT-2, which inhibits factor XII 

andd factor Xll a . C, Thrombin generation by washed pericardial pellet in factor VII-deficient 

plasmaa ) or in pooled normal plasma in the presence of purified TFPI (0.4 umol/L; . Six 

experimentss were performed and tracings shown were obtained within one typical experiment. 
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DISCUSSION N 

CPBB surgery induced a slight increase in the number of platelet-derived microparticles in 

systemicc blood in all patients. However, the present study shows that cell-derived 

microparticless are not only present in the systemic circulation but also at higher levels in 

pericardiall  blood. Interestingly, the highest levels of microparticles in pericardial blood 

weree found at sampling point 3, which is returned via the cardiotomy reservoir into the 

patientss between sampling points 3 and 4. Thus, we propose that at least part of the 

observedd increase in the number of platelet-derived microparticles in the systemic 

circulationn reflects re-infusion of the pericardial blood. However, at present we cannot 

excludee the possibility that part of the platelet-derived microparticles in the systemic 

circulationn are formed due to contact between blood and the artificial surface of the 

extracorporeall  circuit, as has been shown to occur in vitro.29 Conversely, the much higher 

concentrationn in pericardial blood virtually excludes the possibility that these 

microparticless originate from contact of blood with the extracorporeal circuit. More likely 

theyy were generated on blood contact with extravascular tissue in the pericardial cavity. 

Preliminaryy flow cytometry experiments indicated that pericardial plasma not 

onlyy contained microparticles of platelet and erythrocyte origin, but also microparticles 

derivedd from monocytes or granulocytes, which express CD 14. Monocytes stimulated in 

vitroo by endotoxin shed microparticles that express tissue factor and expose PS.8 Thus the 

presencee of CD14-expressing microparticles in pericardial plasma may explain the 

presencee of tissue factor in our experiments. Further characterization of these 

microparticless is needed and presently ongoing. About 20% of the microparticles in 

pericardiall  blood remain to be identified. The finding that the systemic circulation almost 

exclusivelyy contains platelet-derived microparticles, suggests that erythrocyte- and CD 14-

positivee microparticles may be rapidly cleared from the systemic circulation. 

Too determine the thrombin generating capacity of the various plasma samples and 

fractions,, a thrombin generation assay was used. This assay has been used previously to 

determinee the thrombin-generating capacity in plasma, platelet-rich plasma, and whole 

blood.. The thrombin-generating capacity was shown to be increased in women using oral 

contraceptives,, in patients with active venous thrombosis, in young stroke patients and in 
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patientss suffering from an antithrombin deficiency, whereas it is decreased in healthy 

volunteerss using aspirin and is inhibited by activated protein C.24'30 Our data indicate that 

thee in vivo generated microparticles support thrombin generation via a tissue factor/factor 

VII-mediatedd pathway, since (1) the microparticles generated thrombin much slower in 

factorr VII-deficient plasma than in normal pool plasma, and (2) TFPI inhibited thombin 

generationn completely. In contrast to factor VII-deficient plasma, no inhibition was 

observedd when the microparticle-enriched fraction was added to factor XII-deficient 

plasma,, suggesting that thrombin generation under these conditions is factor XII 

independent.. This was confirmed with OT-2, a MoAb that inhibits factor XII and Xll a and 

whichh failed to affect microparticle-mediated thrombin generation. Recently, Chung and 

coworkerss demonstrated that tissue factor is elevated on mononuclear cells in pericardial 

bloodd during CPB, accompanied by high levels of prothrombin fragment F1+2 and a high 

ratioratio of factor VIIa:factor VII. 21 They concluded that expression of tissue factor, activation 

off  the extrinsic coagulation pathway and thrombin formation occur predominantly in 

pericardiall  blood, and it was postulated that "the wound activated the extrinsic coagulation 

pathwayy during CPB by producing procoagulant cells and enzymes that enter the general 

circulation.""  We agree with this statement but propose that this activation is at least partly 

microparticle-mediated. . 

Itt may be wondered whether the procoagulant activity is solely due to the 

expressionn of tissue factor or also partly dependent on the presence of PS and other 

negativelyy charged phospholipids on for instance the platelet-derived microparticles. 

Whenn the microparticle-enriched fraction was preincubated with annexin V-coated beads, 

thee thrombin-generating capacity was reduced when compared with uncoated beads but 

nott completely inhibited. No additional inhibition was observed when up to 2.5 mg/mL 

annexinn V-coated beads were added, indicating that the incomplete inhibition was not due 

too an insufficient amount of beads (not shown). Artificial phospholipid vesicles only bind 

annexinn V when they express more than 5% PS.31 At first glance, the procoagulant activity 

thereforee seems to be dependent on the presence of both tissue factor and the negatively 

chargedcharged phospholipids. However, we cannot exclude the possibility that preincubation 

withh annexin V-coated beads removed the particles that not only expressed PS but also 

tissuee factor. Further studies will therefore be necessary. 
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Despitee the fact that the number of microparticles in the systemic circulation of 

thee patients undergoing heart surgery increased gradually, severe thrombotic effects are 

nott associated with this procedure. This is presumably related to the fact that patients 

undergoingg heart surgery receive high doses of heparin in the systemic circulation (2 to 3 

lU/mL),, yielding concentrations in the pericardial blood of about 1 IU/mL.20 

Thee size of the microparticles cannot be estimated by flow cytometry, because 

thee resolution of the size measurement is limited by the wavelength (488 nm) of the flow 

cytometerr to particles of 0.6 um and larger. 

Inn summary, the present results demonstrate that procoagulant microparticles are 

generatedd during coronary bypass surgery, especially in pericardial blood, which support 

coagulationn via a tissue factor/factor VII-mediated pathway. Thus pericardial blood may 

providee a unique tool to study functional properties of microparticles generated in vivo. 
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Locall  aprotinin 

ABSTRACT T 

Objectives::  Aprotinin is frequently administered systemically to patients undergoing 

cardiopulmonaryy bypass to inhibit activation of platelets and plasma protein systems and 

thuss reduce postoperative blood loss. Two reports on local aprotinin administration, that 

is,, into the pericardial cavity, also indicated improvement in postoperative blood loss, but 

thee underlying mechanism was not investigated. We previously reported the 

disappearancee of glycoprotein lb from the platelet surface and the appearance of platelet-

derivedd microparticles in the pericardial cavity of patients undergoing cardiopulmonary 

bypasss as signs of platelet activation. Here, we investigated whether such local aprotinin 

administrationn reduced platelet activation. 

Methods::  In a double-blind study, 6 patients received aprotinin (500,000 KIU) into the 

pericardiall  cavity during the operation and 7 patients received a placebo. Platelet surface 

glycoproteinn lb expression, concentration of microparticles and concentration of 

complexess of platelets with leukocytes, erythrocytes, or each other, were measured by 

floww cytometry. 

Results::  We confirmed the reduced glycoprotein lb expression and the increased 

concentrationn of microparticles in the pericardial cavity, as previously reported, and found 

noo increased concentration of platelet complexes. However, no differences between 

aprotininn and placebo treatments were observed in these platelet activation parameters in 

thee pericardial cavity or the systemic circulation. 

Conclusion::  We conclude that administration of aprotinin into the pericardial cavity 

duringg cardiopulmonary bypass and at concentrations similar to the systemic application 

doess not reduce platelet activation in that compartment or the systemic circulation. 
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INTRODUCTIO N N 

Excessivee postoperative blood loss due to impaired hemostasis is one of the major 

complicationss of heart surgery with cardiopulmonary bypass (CPB).1 Until recently, this 

wass thought to be caused by the extensive contact of the patients' blood with the surface 

off  the extracorporeal circuit. This contact was presumed to activate several blood 

components,, including the coagulation system, the fibrinolytic system, the complement 

system,, and platelets.2 However, activation of coagulation and fibrinolysis proved to be 

especiallyy pronounced in the pericardial cavity.3-4 In this compartment, blood oozes from 

damagedd vessels and extensively contacts the damaged vessel wall and underlying tissues. 

Itt accumulates in the pericardial cavity, from which it is removed by suction and stored in 

aa reservoir. Periodically, the blood from the reservoir is returned into the circulation of the 

patient.. Inhibition of the activation processes in the pericardial cavity could be 

advantageous.. Tatar,5 O'Regan,6 and their associates demonstrated a reduced 

postoperativee blood loss when aprotinin, a widely known medication to reduce 

postoperativee blood loss if administered systemically, was administered in the pericardial 

cavityy just before the sternotomy was closed. However, the underlying mechanism was 

nott investigated. We previously reported that the surface expression of glycoprotein lb 

(GPIb)(GPIb) - an important adhesion receptor of the platelet - was especially reduced in the 

pericardiall  cavity during the CPB. We8 also reported highly elevated numbers of 

procoagulant,, especially platelet-derived microparticles, in the pericardial cavity. 

Thee aim of the present double-blind and placebo-controlled study was to 

investigatee whether the activation of the platelets in the pericardial cavity or the systemic 

circulationn could be reduced by locally administering aprotinin during the operation. The 

platelett activation parameters included surface expression of GPIb, concentration of 

platelet-derivedd microparticles, and platelet complexes as a sign of platelet activation plus 

theirr ensuing interaction with other blood cells.9 
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PATIENT SS AND METHOD S 

Clinicall  study. This study was approved by the local ethical committee. After 

theirr informed consent was obtained, 13 patients undergoing elective coronary artery 

bypasss surgery entered the study. One group of 6 patients received aprotinin (50 mL 

containingg 500,000 KIU, diluted with 50 mL saline solution to facilitate gradual 

administration);; the other group of 7 patients received a placebo (saline solution) in the 

pericardiall  cavity. During CPB, the solutions from the trial bottles were sprinkled with a 

syringee into the pericardial cavity. The sprinkling was started after the first blood 

samplingg from the pericardial cavity and continued up to the end of CPB, just before 

administrationn of protamine sulfate. The randomized, double-blind study medication was 

suppliedd by Bayer AG (Leverkusen, Germany). The code was broken after data 

acquisitionn was completed. No patient was older than 85 years or had evidence of severe 

heartt failure, renal or hepatic dysfunction, or a bleeding diathesis. No patient was treated 

withh coumarin derivatives, aspirin, dipyridamole, or nonsteroidal anti-inflammatory 

agentss within 5 days before the operation. The study patients did not receive systemic 

antii  fibrinolytic agents or aprotinin during CPB. The aprotinin dosage was based on the 

factt that aprotinin is administered systemically at 2 x 106 KIU and the assumption that the 

systemicc circulating volume including the extracorporeal circuit would be approximately 

66 L versus the pericardial content of 500 to 1000 mL. 

CPBB and anesthesia. Anesthesia was induced and maintained with weight-

relatedd doses of fentanyl, sufentanil, midazolam, or propofol and pancuronium. The 

extracorporeall  circuit consisted of a Dideco D704 compact-flow system oxygenator 

(Didecoo SpA, Mirandola, Italy) and an S3 roller pump (Stockert, Munich, Germany). The 

primingg of the extracorporeal circuit contained lactated Ringer's solution (1.3 L), human 

albuminn (200 mL 20% weight/volume), mannitol (100 mL 20% weight/volume), sodium 

hydrogenn carbonate (50 mL 8.4% weight/volume), heparin (50 mg), and cefamandol (2 g). 

Eachh patient received dexamethasone (1 mg/kg). Volume was corrected with lactated 

Ringer'ss solution. Heparin (300 IU/kg body weight) was given intravenously before 

cannulationn of the aorta and repeated in a dose of 50 mg whenever the activated clotting 

timee (Hemochron; International Technidyne Corp, Edison, NJ, with kaolin used as an 
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activator)) was shorter than 480 seconds. Pump flows ranged from 2.0 to 2.4 L.m"2.min"' 

duringg hypothermia (28°C-32°C). Myocardial protection was achieved with modified St 

Thomas'' Hospital solution infused in the aortic root. After decannulation, heparin was 

neutralizedneutralized with protamine sulfate at 3 mg/kg body weight, that is, in a 1:1 ratio of heparin 

too protamine sulfate. 

Bloodd acquisition. All systemic blood samples were drawn from the same 

centrall  venous line. The blood samples from the pericardial cavity were taken directly 

fromm the cavity with a 10 mL-syringe. Sampling points were after induction, before skin 

incisionn (sample point 1), 5 minutes after the start of CPB (sample point 2), 10 minutes 

beforee release of the aortic crossclamp, at the start of the last distal anastomosis (sample 

pointt 3), and before protamine administration (sample point 4). Systemic blood samples 

weree taken at sampling points 1 through 4 and samples from the pericardial cavity at 

pointss 2 through 4. Blood samples were taken simultaneously at each sampling point. 

Floww cytometric analysis. Whole blood flow cytometry was performed 

essentiallyy as described by us7 with some modifications. Blood was collected in 0.32% 

trisodiumm citrate (final concentration). Within 5 minutes after sampling, 5 uL aliquots of 

bloodd were added to tubes containing 35 uL of N-2-hydroxyethylpiperazine-N-2-

ethanesulfonicc acid (HEPES) buffer (sodium chloride, 137 mmol/L; potassium chloride, 

2.77 mmol/L; magnesium chloride, 1.0 mmol/L; glucose, 5.6 mmol/L; HEPES, 20 mmol/L; 

albumin,, 1 mg/mL; sodium phosphate, 3.3 mmol/L; pH 7.4) and 5 uL anti-GPIb (final 

concentration,, 5 ng/mL). After 15 minutes of incubation at room temperature in the dark, 

55 uL of 10-fold diluted phycoerythrin-conjugated streptavidin was added. After another 

155 minutes of incubation at room temperature in the dark, 2.5 mL of HEPES buffer 

containingg 0.2% paraformaldehyde (weight/volume) was added. No changes in the 

expressionn of surface antigens occurred within 48 hours after fixation if platelets were 

preparedd according to this protocol (Berckmans RJ, unpublished results). Anti-GPIb 

(CLB-MB45)) was obtained from the Central Laboratory of The Netherlands Red Cross 

Bloodd Transfusion Service (Amsterdam, The Netherlands). The antibody is directed 

againstt GPIb-ct. Anti-GPIb was biotinylated as described by Hnatowich, Virzi, and 

Rusckowski.100 Phycoerythrin-conjugated streptavidin was obtained from Dakopatts 

(Glostrup,, Denmark). 
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Thee samples were analyzed in a FACScan flow cytometer with Cell-Quest software 

(Bectonn Dickinson, San Jose, Calif). Both forward and sideways scatter were set at 

logarithmicc gain. Per sample, a total of 5000 GPIb-positive events (i.e., platelets, platelet-

derivedd microparticles, and platelet complexes) were selected by the phycoerythrin-GPIb 

fluorescencee at 585 nm. Platelets (region 2), microparticles (region 1), and complexes 

(regionn 3) were identified by their light-scattering characteristics. Platelet surface 

expressionn of GPIb was first expressed as the mean fluorescence intensity of the platelet 

population,, which reflects the surface expression of GPIb of the total platelet population. 

Inn a second analysis, the percentage of platelets with decreased GPIb expression was 

evaluatedd by setting a threshold arbitrarily at 10% with the first systemic sample of each 

patient.. Thus, subpopulations of platelets with reduced GPIb expression may become 

apparent.111 The absolute concentration of microparticles, that is, corrected for 

hemodilution,, in sample x was calculated by using the following formula: (Platelet count 

inn blood sample x) X ([Percent events in region 1 of blood sample x]/[Percent events in 

regionn 2 of blood sample x]) X ([Immunoglobin G concentration in first systemic 

sample]/[Immunoglobinn G concentration in sample x]). The concentration of platelet 

complexess was similarly calculated on the basis of the number of events in region 3. No 

attemptt was made to subdivide those complexes into platelet-platelet, platelet-leukocyte, 

orr platelet-erythrocyte complexes. 

Statisticall  analysis. Data were analyzed with SPSS for Windows software, 

versionn 9.0 (SPSS, Inc, Chicago, 111). Differences between the systemic and the pericardial 

cavityy samples within the placebo and the aprotinin patient groups were evaluated by 

GLMM univariate multiple variation analysis at an overall significance level of P = .05, 

followedd by post hoc analysis by means of the Scheffé test. The Mann-Whitney t/test was 

usedd to test differences between the placebo and the aprotinin groups first at each 

individuall  sample point and subsequently between the systemic samples of those groups at 

samplee points 2 to 4. It was also used to test between all pericardial samples at those 

samplee points (because the univariate analysis demonstrated no significant differences 

betweenn sample points 2 to 4 within the patient groups). 
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RESULTS S 

Clinicall  results. The clinical data are presented in Table I. No significant 

differencess were present between the patient group treated with aprotinin and the placebo 

groupp in age, number of distal anastomoses, CPB time, crossclamp time, or blood loss 

withinn 6 hours after the operation. We also did not observe a difference in the number of 

patientss receiving packed cells during and after the operation (3 patients in each group) or 

thee number of packed cells transfused (7 in each group). No complications occurred 

duringg of after the operation except in 1 patient, in the aprotinin group, who required re-

explorationn because of surgical bleeding. 

Tablee 1. Clinical Characteristics of the Patients 

Agee (y) 

Sexx (male/female) 

Distall  anastomosis (n) 

CPBB time (min) 

Cross-clampp time (min) 

Bloodd loss 6 hours postoperative (mL)* 

Aprotini n n 

644 (55-70) 

6:0 0 

5(4-6) ) 

121(88-188) ) 

79(57-126) ) 

3611 (140-900) 

Placebo o 

599 (49-75) 

6:1 1 

4(3-5) ) 

1011 (55-132) 

64(34-91) ) 

345(160-500) ) 

**  The blood loss of the patient in the aprotinin group with a reoperation due to surgical bleeding was 

nott included in the analysis. There were no significant difference between the 2 groups (Mann-

Whitneyy U test, P > .05 

Platelett  GPIb expression. The results of the platelet GPIb expression analyses 

aree presented in Fig \,A and B. As we described previously, the platelet surface 

expressionn of GPIb in the blood from the pericardial cavity of the patients treated with 

placeboo was significantly less than that of the first systemic blood sample. This was found 

bothh in the analysis of the mean GPIb antigen expression of the platelet population (Fig 1, 

A:A: systemic sample 1 vs pericardial cavity sample 2; P = .04) and in the analysis of the 
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Figuree 1. Platelet activation analyses. A, The platelet surface expression of GPIb in the systemic 

circulationn and the pericardial cavity, expressed as the mean fluorescence intensity (MF1) as the 

meann surface antigen density. B, The percentage of platelets with a reduced expression of GPIb, 

withh the systemic sample at point 1 arbitrarily set at 10%. C, The concentration of platelet-derived 

microparticles.. D, The concentration of platelet complexes, that is platelet-platelet, platelet-

leukocyte,, and platelet-erythrocyte complexes. The data are corrected for hemodilution. Open bars 

representt the placebo group (n = 7) and hatched bars the aprotinin group (n = 6). Median and ranges 

aree provided. 'P < .05, "P < .005, +P < .001. 

percentagee of platelets with a reduced surface GPIb expression (Figl, B: systemic sample 

11 vs pericardial cavity samples 2, 3 and 4; all P < .001). Similar results were obtained in 

thee patients treated with aprotinin. The mean GPIb antigen expression was reduced in 

pericardiall  cavity samples 2 and 3 (P= .004) compared with systemic sample 1 and also 

systemicc sample 2(P= .05), and the percentage platelets with a reduced GPIb antigen 

expressionexpression was increased in pericardial samples 2 and 3 compared with systemic sample 1 
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(P(P = .001 and .003, respectively) and also compared with systemic samples 2 (P = .014 

andd .029, respectively) and 3 (P = .016 and .032, respectively). There were no statistically 

significantt differences in mean platelet GPIb antigen expression between the patient 

groupss treated with aprotinin versus placebo at any systemic or pericardial sample point. 

Also,, the pooling of all data within the 2 groups, pooling of the data of the 4 systemic 

samples,, or pooling of the 3 pericardial cavity samples did not result in statistically 

significantt differences (P = .34, .18 and .59, respectively). Differences also were not 

obtainedd with such analyses of the percentages of platelets with reduced GPIb antigen 

exposuree (P = .93, .69 and .41, respectively). 

Platelett  microparticl e formation. The results of the platelet microparticle 

analysess are provided in Fig 1,C. Both in the placebo-treated patient group and in the 

aprotinin-treatedd group, we observed a significantly increased concentration of platelet-

derivedd microparticles in the pericardial cavity sample 4 versus all systemic samples (P < 

.001).. In both patient groups, the concentration of microparticles in pericardial cavity 

samplee 4 was also increased compared with pericardial cavity sample 2(P< .001). Also, 

withh the microparticle analysis, we did not obtain statistically significant differences in the 

comparisonss of systemic or pericardial cavity samples of placebo- versus aprotinin-treated 

patientt groups at any individual sample point (P > .05), nor did we find this with the data 

inn all systemic plus pericardial samples or solely the systemic or pericardial samples (P = 

.35,, .49 and .68, respectively). 

Platelett  complexes. The results of the analyses of the platelet complexes are 

presentedd in Fig 1, D. No statistically significant differences were detected between any 

systemicc or pericardial cavity samples versus the systemic sample at sample point 1 in the 

placebo-- or aprotinin-treated patient group. Also, the pooling of the data as described 

abovee did not result in statistically significant differences between the patient groups at a 

singlee sample point (P > .05), in all systemic plus pericardial samples, or in the systemic 

orr pericardial samples separately (P = .38, .50 and .75, respectively). 
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DISCUSSION N 

Inn the present study, we did not observe differences in platelet activation between the 

aprotinin-- and placebo-treated patient groups by means of the 3 markers used: reduction 

off  platelet surface GPIb expression, microparticle formation, and platelet interaction with 

eachh other or other cells. We did not investigate other established parameters to detect 

platelett activation, for example, surface expression of P-selectin, GP53, or platelet-

associatedd complement-1 binding, because we7 previously demonstrated those parameters 

too be unchanged during CPB in both the systemic circulation and the pericardial cavity. 

Thee clinical relevance of activation of various blood systems in the pericardial cavity was 

alreadyy demonstrated by de Haan and associates,1" who found reduced postoperative 

bloodd loss if the pericardial content was not returned into the patient. However, not 

returningg the content from the pericardial cavity should be balanced against a possible 

needd for blood transfusion, with all its disadvantages. An alternative approach would be to 

inhibitt the activation processes in the pericardial cavity. A widely known medication to 

preventt blood activation is aprotinin. Systemically administered aprotinin reduces 

postoperativee blood loss.13 Tatar,5 O'Regan,6 and their colleagues demonstrated a reduced 

postoperativee blood loss when aprotinin was administered in the pericardial cavity just 

beforee the closure of the sternotomy. Bizzarri and coworkers14 similarly treated the 

patientss with local aprotinin in addition to administering it systemically. They thereby 

successfullyy reduced the postoperative blood loss, but the studies cannot be compared 

withh ours because the local concentration of aprotinin may then be much higher in their 

studiess and will not reduce the intraoperative activation of platelets and plasma protein 

systems.. We attempted to inhibit the platelet activation at an early stage; that is, we 

administeredd aprotinin during the operation and at the site presumed to have the highest 

activationn state, the pericardial cavity.7 

Thee question could be raised whether the dosage of aprotinin used in the present 

studyy was sufficient to prevent platelet activation in the pericardial cavity. The aprotinin 

dosagee used (500,000 KJU) was based on the fact that aprotinin is being administered 

systemicallyy at a dosage of 2 x 106 KIU and the assumption that the systemic circulating 

volumee including the extracorporeal circuit would be approximately 6 L versus the 
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volumee of the pericardial content of 500 mL to maximally 1 L. In-vitro, the disappearance 

off  GPIb from the platelet surface can be induced by several stimuli, such as thrombin and 

plasmin.. * Aprotinin inhibits plasmin, kallikrein, and thrombin at an inhibition constant 

(Kj)) of 0.07 nmol/L, 36 nmol/L, and 61,000 nmol/L, respectively. The concentrations used 

clinicallyy are thus sufficient to inhibit plasmin and kallikrein, but not thrombin.17 In the 

presentt study, the 500,000 KJU, if presumed to be present in 1 L of pericardial cavity 

material,, would correspond to 7700 nmol/L. This would be insufficient to inhibit thrombin 

effectively.. If thrombin is indeed causing the platelet activation represented by the 

disappearancee of GPIb from the platelet surface plus microparticle formation, it may be 

wonderedd whether sufficiently high dosages of aprotinin could then be obtained. 

Wee did not find a difference in blood loss between the aprotinin- and the 

placebo-treatedd patient groups. The question could be raised whether the amount of 

aprotininn used in the present study was sufficient to expect an effect on blood loss. The 

aprotininn administered into the pericardial cavity provided a high local concentration, as 

arguedd above. Virtually all of it was subsequently given to the patient, because all material 

fromm the pericardial cavity was collected into the suction reservoir and returned to the 

heart-lungg machine, and the blood in the machine was infused into the patient at the end 

off  the operation. On the one hand, the 0.5 x 106 KIU of aprotinin thus administered is low 

comparedd with the 2 to 6 x 106 KIU regularly used systemically. On the other hand, we 

administeredd the aprotinin intraoperatively and thus facilitated continuous inhibition of the 

activationn processes. Tatar,5 O'Regan,6 and their associates administered the same or 

twicee this dosage of aprotinin at the end of the operation, respectively, and did observe a 

reducedd blood loss, even though the systemic concentration was very low. Viewing these 

results,, we presume that local inhibition is more effective than systemic administration 

andd thus propose that the locally administered high aprotinin concentration is in itself 

sufficient.. The small number of patients in this study may preclude an effect on blood 

loss.. However, we aimed to study the effect of local aprotinin administration on platelet 

activationn and not blood loss. 

Inn conclusion, the administration of 500,000 KIU aprotinin into the pericardial 

cavityy during the CPB procedure did not inhibit the activation of platelets in this 

compartment,, as measured by reduced surface expression of the GPIb antigen, 

85 5 



Locall  aprotinin 

microparticlee formation, and platelet complexes. A reduction in postoperative blood loss 

orr need for blood transfusion is therefore unlikely to be mediated by an effect on the 

platelet. . 
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Letterr to the editor 

Aprotini nn administration in the pericardial cavity 

doess not prevent platelet activation 

ToTo the editor: 

Too better understand the hemostatic and platelet-preserving properties of aprotinin and to 

addresss the continuing controversy whether aprotinin may be prothrombotic when given 

too patients undergoing bypass, one must elucidate its mechanism of action on platelets in 

greaterr detail. The article by Maquelin and associates1 provides clinical support for a 

subtlee mechanism that we have proposed on the basis of our in vitro platelet studies: this 

statess that aprotinin is simultaneously "hemostatic yet antithrombotic } Aprotinin 

achievess these two apparently disparate properties by selectively targeting the two major 

categoriess of agonistic receptors expressed by platelets: those that require proteolytic 

cleavagee to transduce a platelet-activating signal (the "protease-activated" thrombin 

receptors,, PARI and PAR4) versus those that are proteolysis-independent (the receptors 

forr collagen, adenosine diphosphate [ADP], or epinephrine). This dualistic mechanism of 

actionn was most clearly observed in a simple platelet aggregation (by inhibiting the 

proteolyticc activation of PARI) but permitted aggregation to proceed in response to the 

nonproteolyticc agonists collagen or ADP.2 Because collagen and ADP are both expressed 

att wound and suture sites throughout the pericardial cavity, aprotinin would not be 

expectedd to prevent platelet activation when administered directly to the pericardial 

cavity.. This expectation has now been borne out by the studies of Maquelin and 

associates.11 However, when administered systemically, it would be expected to inhibit 

platelett activation as a result of thrombin generation in the bypass circuit. Systemic 

aprotininn may therefore prevent unwanted participation of platelets in the coagulation 

cascadee (exerting a net antithrombotic effect) but preserve the hemostatic capacity of 

plateletss in surgical wounds. 

R.. Clive Landis, Kenneth M. Taylor 

ImperialImperial College School of Medicine 

HammersmithHammersmith Hospital 

LondonLondon W12 ONN, United Kingdom 
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Replyy to the editor 

Aprotini nn administration in the pericardial cavity 

doess not prevent platelet activation 

ReplyReply to the editor: 

Poulliss and associates' showed that the thrombin-induced activation of platelets in vitro, 

ass mediated by proteolysis of the protease-activated receptor 1 (PARI), is inhibited by 

aprotinin.. The authors also demonstrated that the platelets, in the presence of aprotinin, 

stilll  respond to collagen and epinephrine. However, this in vitro study using washed 

plateletss cannot easily be extended to our in vivo situation in the pericardial cavity, as 

proposedd by Landis and Taylor. They propose that platelets in the pericardial blood 

becomee activated by adenosine diphosphate (ADP) and collagen from the surgical wound 

andd not by thrombin, that is, by a process that is not inhibited by aprotinin, as shown by 

Poulliss and associates.' First, it would seem from their letter that thrombin is especially 

beingg formed by contact between blood and the bypass circuit in the systemic circulation. 

Severall  studies indicated that thrombin generation is especially pronounced in the 

pericardiall  blood, a process most likely mediated by the tissue factor factor VII pathway 

andd not by the contact activation pathway.2 Second, as also noted by Poullis and 

coworkers,11 thrombin not only activates platelets via PARI proteolysis, but also via 

proteolysiss of the PAR4 receptor and nonproteolytically via glycoprotein lb.3'4 Although 

thee platelet-activating compounds ADP and collagen are likely to be present in the wound 

areaa of the pericardial cavity to activate platelets by an aprotinin-insensitive pathway, the 

synergisticc effect5 of individual platelet agonists, including thrombin, on the overall 

platelett response can easily be underestimated in the in vivo situation. Thus, only 

completee inhibition of thrombin would preclude a synergistic action between residual 

thrombinn activity and other agonists. This may well involve other stimulus-response 

couplingg mechanisms than solely the PARI receptor. Third, aprotinin may prohibit 

platelett activation not only via the inhibition of thrombin, but also by inhibition of 

plasmin.588 Plasmin is present at high concentrations in pericardial blood and is known to 

activatee platelets.9 The exact mechanism leading to the observed platelet activation in the 

pericardiall  blood therefore remains to be established, that is, thrombin-, plasmin-, ADP-, 

collagen-mediated,, or by a combination of those agonists. Because platelet activation, as 
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measuredd by the disappearance of glycoprotein lb from the platelet surface or the 

formationn of platelet microparticles, is far more extensive in the pericardial blood than in 

thee systemic circulation, pericardial blood may be a suitable target for therapeutic 

interventionn if this blood has to be returned into the patient. 

Inn conclusion, our finding that topical administration of aprotinin into the 

pericardiall  blood does not inhibit platelet activation10 could not be anticipated beforehand. 

Also,, this topical administration of aprotinin may still have a favorable effect on the 

overalll  systemic hemostatic process by inhibition of, for example, hyperfibrinolysis in this 

pericardiall  wound blood before being returned into the patient. 

KyraN.. Sturk-Maquelin1, Rienk Nieuwland2, Augueste Sturk2 

DepartmentDepartment of Cardiothoracic Surgery, 

OnzeOnze Lieve Vrouwe Gasthuis, Amsterdam' 

DepartmentDepartment of Clinical Chemistry, 

LeidenLeiden University Medical Center, Leiden2 
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ABSTRACT T 

Background.. Concentrations of non-cell bound ('soluble') tissue factor (TF) are elevated 

inn blood collecting in the pericardial cavity of patients during cardiopulmonary bypass 

(CPB).. Previously, we reported microparticles supporting thrombin generation in such 

bloodd samples. In this study we investigated the extent of microparticle-association of the 

non-celll  bound form of TF in pericardial and systemic blood, and whether this 

microparticle-associatedd form is active in thrombin generation as compared to non-

microparticlee bound, i.e. fluid-phase, TF. 

Methods.. Systemic and pericardial blood samples were collected before and during CPB 

fromm six patients undergoing cardiac surgery. Microparticles were isolated by differential 

centrifugationn and their thrombin generating capacity measured in a chromogenic assay. 

Microparticle-associatedd and fluid-phase forms of non-cell bound TF were measured by 

ELISA.. Microparticle-associated TF was visualized by flow cytometry. 

Results.. Forty-five to seventy-seven percent of non-cell bound TF was microparticle-

associatedd in pericardial samples and triggered factor VII-mediated thrombin generation 

inn vitro. Microparticles from systemic samples triggered thrombin generation independent 

fromm factor VII , except at the end of bypass (p=0.003). The fluid-phase form of TF did not 

initiatee thrombin generation. Both forms of non-cell bound TF were -at least in part-

antigenicallyy cryptic. 

Conclusions.. We demonstrate the occurrence of two forms of non-cell bound TF. One 

form,, which is microparticle-associated, supports thrombin generation via factor VII . The 

otherr form, which is fluid-phase, does not stimulate thrombin formation. We hypothesize 

thatt the microparticle-associated form of non-cell bound TF may be actively involved in 

postoperativee thrombo-embolic processes when pericardial blood is returned into the 

patients. . 
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INTRODUCTIO N N 

Administrationn of heparin during cardiopulmonary bypass (CPB) surgery does not 

precludee coagulation activation, as evidenced by elevated concentrations of thrombin-

antithrombinn complexes (TAT) and prothrombin fragment F1+2 in the systemic 

circulation.1"33 Previously, contact of blood with the extracorporeal circuit was thought to 

activatee the intrinsic pathway coagulation.4 There is increasing evidence, however, for 

involvementt of tissue factor (TF)-factor VII-dependent coagulation activation, the 

extrinsicc pathway, especially in blood collecting in the pericardial cavity during CPB. 

Comparedd to systemic blood, pericardial blood contains highly elevated concentrations of 

FF i+2, TAT and activated factor VII (Vila), reflecting its highly activated coagulation 

state.1'5'66 To minimise blood loss, pericardial blood is returned into the patient, but this 

mayy activate systemic coagulation due to the presence of TF and factor Vila. 

Factorr VII-dependent coagulation is initiated by TF, a transmembrane receptor 

forr factor VII/VIIa . Normally, cellular TF is not present within the blood but extravascular 

inn for example fibroblasts and smooth muscle cells.7'8 In pathological circumstances TF 

cann be expressed by monocytes and endothelial cells in vitro and possibly in vivo. Low 

concentrationss of non-cell bound TF are present in plasma, both in plasma from healthy 

individualss and at increased concentrations in for example malignant diseases,9 angina 

pectoris100 or disseminated intravascular coagulation (DIC)." This non-cell bound TF is 

unlikelyy to initiate coagulation if truly 'soluble', because TF requires membrane 

associationn to become procoagulant.'2 

Recently,, concentrations of non-cell bound TF were shown to be elevated in 

pericardiall  blood.13 These authors hypothesized that part of the non-cell bound TF may be 

associatedd with the cell-derived microparticles which we reported previously to be present 

inn pericardial blood.14 These microparticles initiated thrombin generation that was 

completelyy inhibited by tissue factor pathway inhibitor (TFPI) and strongly delayed in 

factorr VII-deficient plasma, and therefore likely to expose TF on their surface. More 

recently,, we showed that microparticles from peripheral blood of a patient with 

meningococcall  disease and extensive diffuse intravascular coagulation exposed TF and 

initiatedd thrombin generation via the extrinsic pathway in vitro.15 
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Inn the present study we investigated the extent of microparticle-association of the 

non-celll  bound form of TF in pericardial blood from patients undergoing CPB and its 

capabilityy to support thrombin generation as compared to the fluid-phase form of non-cell 

boundd TF. We also investigated whether microparticle-associated TF may explain the 

hypercoagulationn found in the systemic circulation after return of the pericardial blood 

intoo the patient. 

MATERIA LL  AND METHOD S 

Clinicall  studies. This study was approved by the ethical committee of the Onze 

Lievee Vrouwe Gasthuis. Six patients undergoing elective coronary artery bypass grafting 

withh the use of CPB entered the study after their informed consent. Patients older than 85 

yearss were excluded, and those with severe heart failure, renal or hepatic dysfunction, or a 

bleedingg diathesis. Patients did not receive coumarin derivatives, aspirin, dipyridamole or 

otherr nonsteroidal anti-inflammatory drugs within 5 days before the operation. Aprotinin 

orr other antifibrinolytics were not used during the operation. CPB procedure and 

anaesthesiaa were similar as described before, as was the treatment of the patients. 

Heparinn (3 mg/kg) was given intravenously before cannulation of the aorta and repeated 

inn a dose of 50 mg whenever the activated clotting time (Hemocron; International 

Technidynee Corp., Edison, NJ) was shorter than 480 s. 

Collectionn of blood samples. All systemic blood samples were drawn from the 

samee central venous line. Blood samples from the pericardial cavity were taken directly 

withh a 10 mL syringe. Sampling points of systemic blood (S) were after induction, before 

skinn incision (SI), 5 minutes after start of CPB (S2), 10 minutes before release of the 

aorticc crossclamp, at the start of the last distal anastomosis (S3), and before protamine 

administrationn (S4). Pericardial samples (P) were collected at points 2 through 4. Blood 

wass immediately put into plastic tubes containing 1/10th volume of 3.2% trisodiumcitrate 

(BD;; San Jose, CA). Blood cells were removed by centrifugation for 20 minutes at 1,550 

gg at room temperature. Plasma samples were stored as 250 uL aliquots at -80°C. 
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Reagentss and assays. Reptilase was obtained from Roche (Basel, Switzerland). 

Normall  mouse serum was derived from Sanquin, Business Unit Reagents, at the CLB 

(Amsterdam,, The Netherlands), anti-glycophorin A-PE (JC159, IgGj) from DAKO 

(Glostrup,, Denmark), anti-CD61-PE (VI-PL2, IgGL) from PharMingen (San Jose, CA), 

annexinn V-APC from CALTAG Laboratories (Burlingame, CA), IgGj-FITC and IgGrPE 

(bothh X40) from BD, and anti-TF-FITC (4508CJ, IgG,) from American Diagnostics, Inc. 

(Greenwich,, CT). OT-2 (0.71 mg/mL), a monoclonal antibody (MoAb) inhibiting factor 

XI II  activity, has been described earlier.17 MoAbs directed against factor XI (clone XI-1) 

andd factor VII (clones VII- 1 and VII-15) activities were also from Sanquin. 

Tritonn X-100 (Baker; Deventer, The Netherlands) was prepared as 0.5% stock-

solutionn in phosphate-buffered saline (PBS; 154 mmol/L NaCl, 1.4 mmol/L phosphate, 

pHH 7.4) containing 10.9 mmol/L trisodiumcitrate. 

Plasmaa concentrations of Fi+2, TAT (Behring Diagnostics GmbH; Marburg, 

GER),, IgG (CLB; Amsterdam, The Netherlands) and non-cell bound TF (American 

Diagnosticss Inc.; Greenwich, CT, USA) were determined by ELISA according to 

manufacturerss instructions. The standard curve of the non-cell bound TF ELISA was 

unaffectedd by 0.05% (v/v) Triton X-100 (data not shown). Concentrations of F1+2, TAT 

andd non-cell bound TF in samples S2-4 and P2-4 were corrected for hemodilution using 

theirr IgG content compared to that in S1. 

Isolationn of microparticles. Microparticles were isolated by differential 

centrifugationn as described previously.18,19 Briefly, the microparticles were pelleted from 

thee 250 ^L plasma aliquots by centrifugation (see Collection of blood samples) for 30 

minutess at 17,570 g and 20°C. Subsequently, 0.9 volume of the supernatant was removed, 

thee microparticles were resuspended and washed once with PBS containing 10.9 mmol/L 

trisodiumcitrate.. Finally, the microparticles were resuspended in 100 jaL of the 

PBS/citratee buffer. 

Floww cytometric analysis. Microparticles (5 uL) were diluted in 35 uL PBS 

containingg 2.5 mmol/L CaCl2 (pH 7.4) and 5 uL of 500-fold prediluted (in PBS) normal 

mousee serum, in the absence or presence of Triton X-100. Microparticless were stained 

withh (i) annexin V-APC (5 uL), anti-TF-FITC (5 uL) and anti-CD61-PE (5 uL) or anti-

glycophorinn A-PE (5 uL), or (ii) annexin V-APC plus FITC- and PE-labeled IgGi control 
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antibodiess to set the fluorescence thresholds. Subsequently, microparticles were prepared 

andd flow cytometry was performed on a FACSCaliber (BD; San Jose, CA), essentially as 

describedd previously.18 

Thrombi nn generation test. The thrombin generation test (TGT) was performed 

ass described previously with minor modifications.15'20 Patient samples were treated with 

Hepzymee (Dade Behring GmbH; Marburg, GER) for 15 minutes at ambient temperature 

too remove heparin before microparticle isolation. Hepzyme (E.C. 4.2.2.7) was dissolved in 

1000 uL PBS, and control experiments showed that 2.5 uL of this solution degraded up to 

55 U/mL (final concentration) unfractionated heparin (data not shown). Pefachrome TH-

51144 (Pentapharm Ltd.; Basel, Switzerland) was used as chromogenic substrate to 

monitorr thrombin activity. Concentrations and specificity of antibodies against factors 

VII ,, XI and XII were as described earlier.19 We did not perform anti-TF studies, because 

previouslyy we observed no differences between anti-VII and anti-TF effects in the 

thrombinn generation assay.15'19 Thrombin activity, expressed as nmol/L, was calculated 

withh a reference curve of purified human a-thrombin (Sigma; St. Louis, MO, USA).19 For 

quantitativee analysis, thrombin generation results were determined as area under the curve 

(AUC,, 0-15 minutes after addition of CaCl2). Thrombin generation curves were not 

correctedd for the dilution factor of the pericardial blood, because the extent at which the 

AUCC is directly proportional to dilution, is not known. 

Dataa analysis. Data were analysed with SPSS for Windows, release 9.0 (SPSS, 

Inc.;; Chicago, 111). Differences between all systemic and pericardial samples were 

evaluatedd by GLM univariate variation analysis at overall significance level of p=0.05, 

followedd by post-hoc analysis (Scheffé test). The Mann Whitney U test was used to 

comparee data obtained in the non-cell bound TF ELISA in the absence and presence of 

Tritonn X-100. Data are presented as median with range, unless indicated otherwise. 

RESULTS S 

Coagulationn activation status and non-cell bound TF. In the systemic 

circulationn the concentrations of F1+2 increased gradually from 0.8 nmol/L in SI to 2.7 
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Figuree 1. In vivo coagulation activation and concentrations of non-cell bound TF. Median 

concentrationss of F1+2, TAT and non-cell bound TF (n=6) are shown in systemic (figures A, C and 

E,, respectively) and in pericardial plasma samples (B, D and F, respectively). Collection points are 

indicatedd by systemic (S) 1-4 and pericard (P) 2-4. Note that y-axis are different between the 

systemicc (open bars) and pericardial (gray bars) graphs; *p=0.05, **p=0.01 compared to SI. 

nmol/LL at the end of CPB in S4 (figure 1A). TAT concentrations also gradually increased 

fromm 2.0 (ag/L in SI to 13.4 ^g/L in S4 (figure 1C). All concentrations of F,+2 and TAT in 

pericardiall  samples were higher than the highest concentration measured in the systemic 

samples.. Compared to SI, the concentrations of Fi+2 were 75-fold increased in P3 and 66-

foldd in P4 (figure IB), and TAT concentrations 220-fold and 330-fold increased at these 

collectionn points, respectively (figure ID). The increases were statistically significant in 

P33 (Fi+2 p=0.013; TAT p=0.047 versus SI). Concentrations of non-cell bound TF were 

similarr in all routinely prepared systemic plasma samples (figure 1E). Compared to S1 
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(1000 ng/L), the concentrations of non-cell bound TF were somewhat increased in P2 and 

P44 (173 and 293 ng/L, respectively), and significantly increased in P3 (1218 ng/L, 

p=0.048;; figure IF). Compared to systemic samples, the concentrations of non-cell bound 

TFF were increased in P2 in 4 of the 6 patients, in P3 in all patients and in P4 in 5 of the 6 

patients. . 

Microparticle-associatedd TF. To investigate whether non-cell bound TF was 

(partly)) microparticle-associated, plasma samples were subjected to high-speed 

centrifugationn and supernatant plasma as well as microparticle-containing pellets were 

assayedd for non cell-bound TF. In pericardial samples 21% (P2), 72% (P3) and 27% (P4) 

off  TF was microparticle-associated (figure 2). TF concentrations in systemic samples 

weree close to the detection limit and therefore too low to establish the microparticle-

associatedd fraction of TF. 
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Figuree 2. The microparticle-associated form of non-cell bound TF in pericardial samples. Collection 

pointss are indicated by pericard (P) 2-A. 

Thrombi nn generation by non-cell bound TF. Pericardial microparticles elicited 

twoo types of thrombin generation curves. Either curves similar to figure 3 A were obtained 

withh a thrombin peak after approximately 3 minutes and a delay in thrombin generation 

withh anti-factor VII . Alternatively, a gradually increasing thrombin generation was 

observedd up to about 10 minutes, which was also delayed by anti-factor VII (figure 3B). 

Expressedd as AUC, systemic microparticles generated less thrombin (figure 3C) than 
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Figuree 3. Thrombin generation by microparticles in human plasma and coagulation pathways 

involved.. Figures A and B show representative thrombin generation curves by microparticles from 

twoo patients both at P3, without antibodies ) or in the presence of anti-factor XI (o), XII ) or VII 

(A).. Thrombin generation, expressed as AUC, by systemic and pericardial microparticles are shown 

inn figure C and D (n=6); * p<0.01 compared to S1. 

pericardiall  microparticles (figure 3D; P2 and P4 versus SI: p=0.009 and p=0.004, 

respectively).. Because of the differences in thrombin generation curves, the inhibitory 

effectss of anti-factor VII were both expressed as the extent of inhibition (figure 4 A) and as 

thee delay in onset (figure 4B) of thrombin generation. Anti-factor VII inhibited thrombin 

generationn initiated by pericardial microparticles (P2: 38%, P3: 55% and P4: 28%; all 

p=0.001)) or systemic microparticles from sampling point 4 (22%; p=0.003). Anti-factor 

VIII  also strongly delayed thrombin generation induced by pericardial microparticles (4, 5 

andd 3 minutes for microparticles from P2, P3 and P4, respectively, p<0.001), and 

approximatelyy 1.5 minutes with microparticles from S4. Anti-factor XI and anti-factor XII 

didd not substantially inhibit thrombin generation by pericardial microparticles (Table 1). 
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Figuree 4. Inhibition of thrombin generation by anti-factor VII . Inhibition by anti-factor VII is 

presentedd as percentage inhibition of AUC (figure A) and delay in onset (figure B) of thrombin 

generation;; * p<0.01 compared to SI. 

Tablee 1. Inhibition of thrombin generation by anti-factor XI and XII . Percentage inhibition of the 

thrombinn generation, expressed as AUC, from systemic (SI-4) and pericardial (P2-4) microparticles 

(n=6,, median and range between brackets). 

Samplee point anti-factorr  XI 

(%%  inhibition ) 

anti-factorr  XI I 

(%%  inhibition ) 

SI I 

S2 2 

S3 3 

S4 4 

P2 2 

P3 3 

P4 4 

155 (-2 - 20) 

77 (-18-27) 

16(5-30) ) 

17(15-22) ) 

88 (-12 - 14) 

33 (-2 - 7) 

8.55 (-3-13) 

5.55 (-9-11) 

00 (-11 - 19) 

-3.55 (-11-8) 

7.55 (-1-15) 

11.5(4-17) ) 

-33 (-7-5) 

10(5-23) ) 
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Thee supernatants, which are microparticle-free systemic or pericardial plasma samples, 

obtainedd after removal of the microparticles but still containing substantial concentrations 

off  the non-microparticle associated, i.e. fluid-phase, form of TF, were not capable of 

detectablee thrombin generation (data not shown). 

Visualizationn of the microparticle-associated form of TF. Compared to the 

controll  antibody (figure 5A), pericardial microparticles hardly stained for TF using flow 

cytometryy (figure 5C). To improve the detection of TF, pericardial microparticles were 

incubatedd with increasing concentrations of Triton X-100 (0.01-0.10% v/v). The TF 

antigenn became visible at concentrations between 0.02-0.08% (v/v) (data not shown). 

Trito nn X-100 ++ Trito n X-100 
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Figuree 5. Detection of TF on pericardial microparticles. Flow cytometry dot plots are provided from 

onee representative experiment. Microparticles from P3 were stained with control antibody IgGr 

FITCC (A, B) or anti-TF-FITC (C, D) in the absence (figures 5A, 5C) or presence (figures 5B, 5D) of 

Tritonn X-100. 
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Arbitrarily ,, we used 0.05% of Triton X-1O0 in subsequent experiments. With Triton X-

100,, the staining of microparticles with control antibody was unaffected (figure 5B versus 

55 A), but the TF antigen became detectable (figure 5D). Triton X-100 impaired the binding 

off  annexin V as well as antigens such as CD61 and glycophorin A (data not shown). 

Therefore,, the cellular origin of TF-exposing microparticles could not be established. 

Totall  plasma concentrations of non-cell bound TF. Because Triton X-100 

improvedd the detection of the microparticle-associated form of non cell-bound TF by flow 

cytometry,, we hypothesized that part of the non-cell bound TF in plasma may also remain 

undetectedd by ELISA. In pericardial samples, total concentrations of non-cell bound TF 

increasedd 1.4-3.1 fold with Triton X-100 (Table 2), but not in systemic samples (data not 

shown).. This effect of Triton X-100 was most prominent in pericardial samples from 

collectionn points 2 and 4. As shown in Table 2, the detection of fluid-phase TF also 

increasedd in the presence of Triton X-100. Thus, the concentrations of both forms of non-

celll  bound TF, which are the microparticle-associated form as well as the fluid phase 

form,, are underestimated in the absence of Triton X-100. 

Tablee 2. Concentrations of non-cell bound TF. The concentrations of non-cell bound TF, as well as 

thee concentrations of microparticle (MP)-associated and fluid-phase forms of (non-cell bound) TF 

weree determined in the absence or presence of Triton X-100. The percentage of the MP-associated 

formm is the calculated percentage of the MP-associated plus fluid-phase form (n=6, median and 

rangee (italics); * p=0.028, **  p=0.043). 

Samplee point P2 P3 P4 

Tritonn X-100 + + - + 

Totall  non-cell bound TF, 

ng/L L 

MP-associatedd TF, ng/L 

Fluid-phasee TF, ng/L 

%% MP-associated TF 

173 3 

96-728 96-728 

28 8 

13-268 13-268 

119 9 

61-412 61-412 

21 1 

16-41 16-41 

5377 * 

216-2052 216-2052 

2333 * 

76-1053 76-1053 

296* * 

92-522 92-522 

455 * 

35-68 35-68 

1218 8 

153-4811 153-4811 

854 4 

55-2473 55-2473 

310 0 

206-972 206-972 

72 2 

21-77 21-77 

1744 4 

80-4967 80-4967 

1047 7 

82-3792 82-3792 

402 2 

9-1104 9-1104 

77 7 

71-90 71-90 

293 3 

86-743 86-743 

67 7 

27-370 27-370 

164 4 

103-363 103-363 

27 7 

16-55 16-55 

849* * 

414-3339 414-3339 

4111 ** 

276-2142 276-2142 

2255 ** 

192-833 192-833 

633 ** 

59-72 59-72 
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DISCUSSION N 

Inn systemic blood TF can be exposed on cells and be present in a non-cell bound form. 

Thee present study shows that in pericardial plasma two forms of non-cell bound TF occur. 

Onee form is microparticle-associated, whereas the other form is not. This latter form we 

calll  fluid-phase TF, but it may be attached to albumin, lipoproteins, etc. So, in human 

bloodd TF can be present in a cell-bound form, a microparticle-associated form, and in a 

fluid-phasee form. To which extent non-cell bound TF in plasma from healthy human 

individualss is identical to non-cell bound TF in plasma from patients undergoing cardiac 

surgeryy remains to be determined. 

Thee present study shows that only the microparticle-associated form of non-cell 

boundd TF generated thrombin. Previously, we showed that cell-derived microparticles in 

pericardiall  blood originate from platelets (46%), erythrocytes (43%), and possibly 

granulocytess (10%). Since Triton X-100 impaired their identification, at present we can 

onlyy speculate which microparticles expose TF. Since TF has been found to be associated 

withh platelets, granulocytes, or microparticles derived therefrom, we hypothesize that at 

leastt part of the microparticle-associated form of non-cell bound TF may be exposed by 

suchh microparticles in pericardial blood.21,22 Our findings with Triton X-100 demonstrate 

thatt TF is detectable on some microparticles but not on all, and it is not clear whether 

thosee TF-positive microparticles -as demonstrated by flow cytometry- are indeed all 

capablee of thrombin generation. In fact, there is already some evidence suggesting that the 

procoagulantt activity of microparticle-exposed TF may be dependent on the cellular 

originn of the TF-exposing microparticles. Whereas we previously showed that 

microparticless of monocytic origin exposed coagulant TF in a patient with meningococcal 

septicc shock and severe disseminated intravascular coagulation, we more recently found 

increasedd numbers of especially platelet-derived microparticles exposing TF that were 

clearlyy not coagulant.15'27 Thus, at present, we cannot exclude that some differences in 

cellularr origin of TF-exposing microparticles between plasma samples may affect the 

thrombinn generation capacity. In an attempt to characterize the microparticle-associated 

form(s)) of TF, we applied pericardial and systemic microparticles to Western blot. 

Stainingg by anti-TF only revealed a weak band of approximately 45 kDa in the pericardial 
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microparticlee fraction (data not shown), suggesting that at least part of TF present in these 

sampless is of the full-length form. From these data, however, we cannot exclude that 

'microparticle-associatedd TF' still may contain several forms of both active and/or 

inactivee TF. 

Inn the pericardial blood samples with the highest concentration of non-cell bound 

TF,, TAT, and F1+2, which is at sample point P3, up to 77% of the non-cell bound TF was 

inn the microparticle-associated form. The other pericardial blood samples (P2 and P4), 

whichh are the blood samples showing much less in vivo coagulation activation than at P3, 

containedd only 21 to 27% of the microparticle-associated form of TF. Despite the fact that 

theree was considerably more microparticle-associated TF at P3 than in the 2 other 

pericardiall  samples, thrombin generation was comparable in vitro. Most likely, this is due 

too correction for hemodilution of the microparticle TF content to enable comparison to the 

similarlyy corrected TAT and F1+2 concentrations. At sampling point P3, the correction 

factorr for hemodilution is about 7 and the uncorrected concentrations of non-cell bound 

TFF -i.e. the actual amount of TF that was added in the thrombin generation experiments, 

didd not differ significantly from TF concentrations in samples collected at P2 and P4. 

Thee factor-VII dependent coagulation pathway was involved in the thrombin 

generationn of the microparticle-associated form of TF. This was shown by inhibition of 

thrombinn generation by anti-factor VII , both expressed as the AUC and the delay in onset 

off  thrombin generation. In most institutes for cardiosurgery, pericardial wound blood is 

returnedd into the systemic circulation during and especially at the end of the CPB 

proceduree to reduce blood loss. We observed systemic coagulation activation in blood 

sampless collected at the end of the bypass (S4), despite heparinization. Moreover, anti-

factorr VII inhibited thrombin generation only when initiated by systemic microparticles 

collectedd at the end of bypass. Therefore, we hypothesize that pericardial microparticles 

afterr their return into the circulation are responsible for the systemic coagulation 

activation. . 

Itt is tempting to speculate that the transfusion of the pericardial cavity blood, and 

thuss of high numbers of procoagulant microparticles with the active TF on their surface, 

mayy contribute to the post-operative thrombotic complications such as graft occlusion, 

silentt deep vein thrombosis and adverse neurological events in patients undergoing 
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cardiacc surgery assisted by CPB.23"25 Bonderman et al. already showed in a porcine model 

thatt intracoronary injection of relipidated human TF induces coronary no-reflow by a 

thrombus.26 6 

Inn summary, our present findings show that non-cell bound TF may occur in a 

microparticle-associatedd and in a fluid-phase form in human plasma. The microparticle-

associatedd form was capable of factor VII-mediated thrombin. In contrast, the fluid-phase 

formm did not initiate thrombin generation. The contribution of pericardial blood to 

systemicc coagulation activation may explain the coagulation activation at the end of the 

CPB.. Furthermore, we hypothesize that in other clinical conditions,9"11 in which elevated 

concentrationss of non-cell bound TF antigen in plasma were paralleled by an increased 

riskrisk for thromboembolic events, the microparticle-associated form of non-cell bound TF is 

likelyy to contribute to systemic coagulation activation. 
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Thrombuss formation by TF on microparticles 

ABSTRACT T 

Background::  Circulating microparticles of various cell types are present in healthy 

individualss and, in varying numbers and antigenic composition, in various disease states. 

Too what extent these microparticles contribute to coagulation in vivo, is unknown. 

Methods::  Comparable numbers of microparticles were isolated from peripheral blood of 

healthyy individuals and from pericardial blood of cardiac surgery patients. Their 

procoagulantt properties were assessed in vitro in a fibrin generation test, and in vivo in a 

venouss stasis thrombosis model in rats. 

Results::  Pericardial microparticles were strongly procoagulant in vitro and highly 

thrombogenicc in vivo, whereas microparticles from healthy individuals were not. 

Preincubationn of pericardial microparticles with an inhibitory antibody against human 

tissuee factor abolished their thrombogenicity, while an antibody against factor XII had no 

effect.. In both pericardial and healthy individual samples, microparticles from platelets, 

erythrocytes,, and granulocytes exposed tissue factor. The total microparticle-exposed 

tissuee factor antigen levels were significantly higher in pericardial samples as compared to 

sampless from healthy individuals, and correlated strongly with the thrombogenicity of the 

samples. . 

Conclusions::  Microparticles derived from various cell types circulating in blood expose 

tissuee factor, and the extent of this tissue factor exposure determines their 

thrombogenicityy in vivo. 
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INTRODUCTION N 

Thee primary initiator of coagulation in vivo is generally accepted to be tissue factor (TF). ' 
22 According to the classical view, under normal conditions, TF is not present 

intravascularlyy but is abundantly present in and around the vessel walls. Exposure of 

bloodd to TF upon vascular injury initiates normal hemostasis or, under pathological 

conditionss such as disruption of an atherosclerotic plaque, thrombosis. This classical view 

onn TF has recently been challenged by ex vivo studies showing that potentially 

thrombogenicc TF is also present in the circulating blood, even under normal conditions: 

perfusionn of native human blood over collagen-coated glass slides devoid of TF resulted 

inn formation of thrombi, which contained substantial amounts of TF. Moreover, the 

additionn of a TF inhibitor to the perfused blood inhibited thrombus formation.3,4 

However,, the source of TF circulating in blood has not been established. It is also 

nott clear whether this circulating TF is free or whether it is associated with phospholipids 

orr other structures. In the ex vivo thrombi formed on a surface devoid of TF, TF positive 

membranee vesicles that also stained positive for the leukocyte marker p2 integrin (CD 18) 

weree identified, as well as TF positive neutrophil granulocytes and monocytes. It was 

hypothesizedd that leukocytes were the main source of blood TF contributing to local 

thrombuss formation.3 It has also been shown that human atherosclerotic plaques contain 

highh levels of TF positive microparticles originating from apoptotic monocytes and 

lymphocytes.55 Furthermore, mechanical plaque disruption resulted in shedding of active 

TFF associated with membranes, and intracoronary injection of human atherosclerotic 

plaquee material in a porcine model caused microvascular thrombosis and coronary no-

reflow.66 Thus, leukocytes and disrupted atherosclerotic plaques may contribute to blood-

borne,, thrombogenic TF. 

Inn a number of previous studies we identified cell-derived microparticles in the 

circulationn of healthy individuals and patients suffering from certain diseases, especially 

sepsis.7"100 Some of these microparticles were positive for TF and strongly promoted 

thrombinn generation in vitro. However, whether circulating microparticles contribute to 

thrombuss formation in vivo, is not known. In the present study we investigated whether 

microparticless derived from platelets, erythrocytes and granulocytes contribute to the 
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circulatingg pool of TF, and whether they are thrombogenic in vivo. Microparticles were 

isolatedd from venous blood of healthy individuals, and from blood obtained from the 

pericardiall  cavity of patients undergoing cardiac surgery with cardiopulmonary bypass 

(CPB).. The numbers and cellular source of the microparticles as well as their TF exposure 

wass determined using flow cytometry, and their in vivo thrombogenicity was tested in a 

ratt model. 

MATERIA LL  AND METHOD S 

Healthyy individuals. After informed consent was obtained, venous blood from 3 

healthyy individuals (1 woman, 2 men; age 47 (34-52) years) who had not taken any 

medicationn during the previous 10 days was collected into 0.1 volume of 105 mmol/L 

trisodiumm citrate. Blood cells were removed by centrifugation (1550g, 20 minutes, 20°C) 

andd the plasma was snap-frozen in liquid nitrogen and stored at -80°C. 

Patients.. This study was approved by the ethical committee of the Onze Lieve 

Vrouwee Gasthuis, and complies with the principles of the Declaration of Helsinki. Five 

patientss (1 female, 4 males, age 72 (65-76) years) undergoing elective coronary artery 

bypasss grafting with CPB were included, after their informed consent. Patients with 

severee heart failure, renal or hepatic dysfunction, or a bleeding diathesis were excluded. 

Anesthesia,, surgical procedure and treatment were described before. Blood samples 

fromm the pericardial cavity were collected at the start of the last distal anastomosis, and 

processedd as described above. 

Isolationn of microparticles. Plasma samples (250 uL) were thawed on melting 

icee and pericardial samples were incubated with 2.5 uL heparinase for 15 minutes at room 

temperaturee to neutralize heparin received during cardiac surgery. The heparinase was 

preparedd by dissolving Hepzyme (Hepzyme; Dade Behring GmbH, Marburg, Germany) in 

1000 uL phosphate-buffered saline (PBS; 154 mmol/L NaCl, 1.4 mmol/L phosphate, pH 

7.4).. In control experiments, 2.5 uL of this solution degraded at least 5 U/mL 

unfractionatedd heparin, and itself did not affect microparticle-induced thrombin generation 

(unpublishedd data). Subsequently, samples were centrifuged at 17570g- for 30 minutes at 
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20°C,, then 225 uL (227.5 \xL for heparin-treated samples) of the essentially microparticle-

freee supernatant were removed. PBS containing 10.5 mmol/L trisodium citrate was added 

(2255 |iL), microparticles were resuspended, centrifuged, and again 225 jiL supernatant 

weree removed. For flow cytometric analysis 175 |j.L PBS/citrate buffer, and for fibrin 

generationn tests 75 ^L PBS/citrate buffer were added to the remaining 25 \xL, and the 

microparticless were resuspended. For in vivo experiments, 75 \ih PBS/citrate buffer, or 

37.55 uL antibody plus 37.5 uL PBS/citrate buffer were added, the microparticles 

resuspended,, and incubated for 30 minutes at room temperature, before injection into the 

animals.. Antibodies used were anti-human TF (1 mg/mL, product #4502, American 

Diagnosticaa Inc., Greenwich, CT) and anti-human factor XII (0.71 mg/mL, OT-2, 

providedd by the Central Laboratory of The Netherlands Red Cross Blood Transfusion 

Service,, Amsterdam, The Netherlands). 

Floww cytometric analysis. Analysis was performed by a modification of our 

previouslyy published method.7'8 Triple labeling of microparticles was performed in buffer 

consistingg of PBS containing 2.5 mmol/L CaCl2 and 5% (v/v) defibrinated microparticle-

freee pooled human plasma (pH 7.4). This plasma was prepared by incubating pooled 

plasmaa from 20 healthy individuals with reptilase (Roche, Basel, Switzerland) for 10 

minutess at 37°C, and subsequently for 10 minutes on melting ice. The formed fibrin was 

removedd manually, then the plasma was centrifuged at 22000g for 60 minutes at 20°C to 

removee remnants of fibrin and all microparticles. 

Microparticlee suspensions (5 uL) were diluted in 35 uL buffer. Annexin V-

allophycocyaninn (annexin V-APC; 5 îL) and a fluorescein isothiocyanate (FITC)- and a 

phycoerythrinn (PE)-labeled monoclonal antibody (5 uL each) were added, or the 

respectivee isotype matched control antibodies. The mixtures were incubated in the dark 

forr 30 minutes at room temperature. Subsequently, 200 JIL buffer were added and the 

suspensionss were centrifuged at 17570g for 30 minutes at 20°C. Finally, 200 uL of 

(microparticle-free)) supernatant were removed, the microparticles were resuspended after 

additionn of 300 uL buffer, and analyzed on a FACSCalibur flow cytometer with 

CELLQuestt 3.1 software (Becton, Dickinson and Company (BD) Immunocytometry 

Systems,, San Jose, CA). Acquisition was performed for 1 minute per sample, during 
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whichh the flow cytometer analyzed 60 fiL of the suspension. Forward scatter and side 

scatterr were set at logarithmic gain. Microparticles were identified based on forward 

scatter,, side scatter, and binding of annexin V. To identify annexin V positive events, a 

thresholdd was placed based on a microparticle sample prepared with the use of calcium-

freee buffer. To identify cell marker and TF positive events, thresholds were set based on 

microparticlee samples incubated with similar concentrations of isotype-matched control 

antibodies.. Calculation of the number of microparticles per litre plasma was based upon 

thee particle count per unit time, the flow rate of the flow cytometer, and the net dilution 

duringg sample preparation of the analyzed microparticle suspension. 

IgC-FITC,, IgG,-PE (both clone X40) and CD14-PE (clone M<J>P9, IgG2b) were 

obtainedd from BD Immunocytometry Systems (San Jose, CA), IgG2b-PE (clone MCG2b) 

fromm Immuno Quality Products (Groningen, The Netherlands), CD61-PE (clone VI-PL2, 

IgGi)) from PharMingen (San Jose, CA), CD66e-PE (clone CLB-gran/10, IH4Fc, IgG,) 

fromm the Central Laboratory of The Netherlands Red Cross Blood Transfusion Service 

(Amsterdam,, The Netherlands), anti-glycophorin A-PE (clone JC159, IgG[) from DAK.0 

(Glostrup,, Denmark), anti-TF-FITC (product #4508CJ, IgGi) from American Diagnostica 

Inc.. (Greenwich, CT), and annexin V-APC from Caltag Laboratories (Burlingame, CA). 

Fibri nn generation test (FGT). Previously, we determined the thrombin 

generatingg capacity of microparticles in vitro, in defibrinated human plasma.7'8 In the 

presentt study we used a FGT, as this assay was considered to better reflect the potential 

thrombogenicityy of the microparticles in vivo. Microparticle suspensions or, as a negative 

control,, saline (10 \xL) were added to pooled human or rat plasma (75 uL; from 20 healthy 

humanss or 4 rats, centrifuged at 17570g, 30 minutes, 20°C), then either 15 uL buffer A 

(500 mmol/L Tris-HCl, 100 mmol/L NaCl, pH 7.35), anti-human TF, or anti-human factor 

XI II  were added. After incubation for 30 minutes at room temperature, clotting was 

initiatedd by addition of CaCl2 (15 uL; 100 mmol/L). Fibrin formation was monitored by 

kineticc measurement of the optical density at A.=405 nm (SPECTRAmax microplate 

reader;; Molecular Devices Corp., Sunnyvale, CA). The time elapsed until the beginning of 

fibrinn formation (lag time) was determined by extrapolation to the base line. 

Too test the specificity of the antibodies, FGTs were performed with various 

preparationss instead of the microparticles: 1. Rat thromboplastin prepared as described by 
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Quick122 (0.08 g/L dried brain extract in saline). 2. Human placental thromboplastin 

(Thromborell  S; Behring Diagnostics GmbH, Marburg, Germany) diluted 100-fold with 

saline.. 3. A mixture of 8 uL kaolin (25 mg/L; B.L.B. Laboratoires du Bois de Boulogne, 

Puteaux,, France) and 2 |iL phospholipid vesicles prepared according to Brunner13 (185.4 

^moll  phospholipid/L; 20% phosphatidylserine, 80% phosphatidylcholine (P7769 and 

L4129,, Sigma, St. Louis, MO)). 

Venouss stasis thrombosis model. Male Wistar Hsd/Cpb; WU rats (n=38, body 

weightt 300-350 g) were obtained from Harlan (Horst, The Netherlands). All procedures 

weree approved by the Ethics Committee of Animal Welfare of Organon in accordance 

withh Dutch guidelines. Thrombus formation was studied as described previously.14 Rats 

weree anesthetized by intraperitoneal injection of 60 mg/kg pentobarbital (Nembutal; 

Sanofi,, Toulouse, France). The abdomen was opened and the vena cava inferior isolated. 

Al ll  side branches distal to the left renal vein were obliterated. Afterwards, 100 [xL of 

rabbitt thromboplastin suspension or saline (as positive and negative controls, 

respectively),, or a microparticle suspension were injected into the dorsal penile vein. The 

thromboplastinn suspension was prepared by diluting Simplastin (Organon Teknika Corp., 

Durham,, NC) 50-fold with saline. After injection, blood was allowed to circulate freely 

forr 10 seconds (total body blood circulation time in the rat is approximately 5 seconds), 

thenn the vena cava was ligated beneath the left renal vein and the abdominal cavity 

provisionallyy closed. After stasis was maintained for 10 minutes, the abdominal cavity 

wass reopened, the vena cava was ligated near the fusion of the iliac veins and then opened 

longitudinally.. The formed thrombus was removed and its wet weight determined. 

Thromboplastinn was injected into 4 rats, saline also into 4. Each patient sample 

wass injected into 4 rats: into 2 rats without antibodies, 1 rat after preincubation of 

microparticless with anti-human TF, and 1 rat after preincubation with anti-human factor 

XII .. Samples from the 3 healthy individuals were injected into 6, 2, and 2 rats, 

respectively. . 

Statisticall  analysis. Data were analyzed with SPSS for Windows 9.0.0 (SPSS 

Inc.,, Chicago, IL) and GraphPad PRISM 3.02 (GraphPad Software, Inc., San Diego, CA). 

Differencess between groups were analyzed with the Mann-Whitney U test in case of two 

groups,, and the Kruskal- Wallis test followed by Dunn's post test in case of more than two 
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groups,, to account for multiple comparisons. Correlations were determined with 

Spearman'ss rank correlation test. The logistic dose-response curve was obtained by fitting 

thee equation y=ymin+(ymax-ymin)/(l+(x/EC5o)"n) to the data. In the equation, x represents 

microparticle-exposedd TF antigen levels, y represents thrombus weight, EC50 the half-

maximall  antigen level, and n the Hill coefficient. Differences and correlations were 

consideredd significant at p<0.05. Data are presented as median with range, unless 

indicatedd otherwise. 

RESULTS S 

Numberss and cellular  origin of microparticles. The numbers and cellular 

originn of microparticles isolated from pericardial plasma and from plasma of healthy 

individualss were determined using flow cytometry. Results are summarized in Table I. 

Thee total number of microparticles (defined based on forward scatter/side scatter 

characteristicss and annexin V binding) did not differ significantly between pericardial 

sampless and samples from healthy individuals (p=0.786). This was due to the fact that 

pericardiall  plasma samples were 8 to 10-fold diluted during surgery with cardioplegic 

solutionn and saline. However, regarding their cellular source, the microparticles showed a 

differentt distribution in patients versus healthy individuals. In samples from healthy 

individuals,, most of the microparticles were platelet-derived, with erythrocyte- and 

granulocyte-derivedd microparticles constituting a minor fraction. In contrast, pericardial 

sampless contained erythrocyte-derived microparticles at just as high numbers as platelet-

derivedd microparticles. Also, the percentage of granulocyte-derived microparticles was 

higherr in patient samples versus samples from healthy individuals. Virtually no monocyte-

derivedd microparticles were present in either group of samples. 

TFF exposure of microparticles. Using flow cytometry, microparticles derived 

fromm platelets, erythrocytes, as well as granulocytes stained positively for TF (Table I). In 

pericardiall  samples, the percentage of platelet-derived microparticles exposing TF was 

muchh higher than in samples from healthy individuals (p=0.036). The percentage of 

erythrocyte-derivedd microparticles exposing TF did not differ between the two groups 
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(p=0.250).. The percentage of granulocyte-derived microparticles exposing TF was 

somewhatt lower in pericardial samples as compared to samples from healthy individuals, 

butt the difference was statistically not significant (p=0.071). 

Tablee 1. Numbers, cellular origin, and TF exposure of microparticles. 

Pericardial l 

plasma a 

(n=5) ) 

Plasmaa of healthy 

individualss (n=3) 

Totall  MP (xlOTL plasma) 

%% platelet-derived MP (CD61) 

%% erythrocyte-derived MP (GPA) 

%% granulocyte-derived MP (CD66e) 

%% TF positive platelet-derived MP 

%% TF positive erythrocyte-derived MP 

%% TF positive granulocyte-derived MP 

Totall  TF positive MP (xl06/L plasma) 

Totall  MP-exposed TF antigen 

(arbitraryy units)b 

8982 2 

(2214-12230) ) 
46 6 

(25-55) ) 

43 3 

(32-62) ) 

10 0 

(8-24) ) 

22 2 

(11-26) ) 

21 1 

(11-25) ) 

31 1 

(23-47) ) 

1023 3 

(299-1274) ) 

65661 1 

(60829-116152) ) 

6628 8 

(5787,, 9274) 

95 5 

(95,, 96) 

6 6 

(4,, 17) 

2 2 

(1,3) ) 

4 4 

(3,, 10) 

17 7 

(14,, 18) 

51 1 

(41,64) ) 

347 7 

(244,, 629) 

32366 6 

(15898,49196) ) 

0.786 6 

0.036 6 

0.036 6 

0.036 6 

0.036 6 

0.250 0 

0.071 1 

0.143 3 

0.036 6 

MPP indicates microparticles, GPA glycophorin A, TF tissue factor, MFI mean fluorescence 

intensity.. All values are given as median with range, differences between pericardial samples and 

sampless from healthy individuals were analyzed with the Mann-Whitney U test. Two-tailed 

significancee levels are provided (p), which were considered significant when p<0.05. bTotal MP-

exposedd TF antigen levels were calculated by multiplying the total numbers of TF positive 

microparticless by their respective mean fluorescence intensity in arbitrary units. 
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Thee total numbers of TF exposing microparticles (Table I) were higher in the 

patientt samples as compared to samples from healthy individuals. This difference was 

nonethelesss statistically not significant (p=0.143). Representative flow cytometry dot plots 

aree shown in Fig. 1. The total microparticle-exposed TF antigen levels in the samples 

weree calculated by multiplying the numbers of TF positive microparticles by their 

respectivee mean fluorescence intensity in arbitrary units. Pericardial samples had 

significantlyy higher levels of microparticle-exposed TF as compared to samples from 

healthyy individuals (p=0.036; Table I). 
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Figuree 1. Representative flow cytometry dot plots with respect to tissue factor (TF) exposure. 

Microparticless isolated from pericardial plasma of a patient undergoing cardiac surgery with 

cardiopulmonaryy bypass (A, B) and microparticles isolated from plasma of a healthy individual (C, 

D)) are shown. The dot plots were gated based on forward scatter/side scatter characteristics and 

annexinn V binding. Anti-TF-FITC fluorescence versus side scatter is shown (B, D), with 

fluorescencee thresholds set using isotype-matched control antibodies (A, C). 
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Inn vitr o fibrin  generation tests in rat plasma. To establish whether human 

microparticless induced clotting of rat plasma in vitro, FGTs were performed. Without 

microparticles,, rat plasma clotted after a lag time of 490 s. Pericardial microparticles 

shortenedd this lag time to 175 s (173-185 s) (median and range). Anti-human TF abolished 

thiss shortening (455 s (445-488 s)), while anti-human factor XII had no effect (185 s (180-

2022 s)). Microparticles isolated from plasma of healthy individuals only minimally 

shortenedd the lag time (467 s (425-476 s)). Fig. 2 A shows a representative FGT with 

humann pericardial microparticles in rat plasma. Similar results were obtained in human 

insteadd of rat plasma (Fig. 2 B). However, because the centrifugation procedure that 

removess all thrombin-generating microparticles from human plasma was insufficient to 

completelyy remove microparticles from rat plasma, the rat plasma clotted even in the 

absencee of added microparticles. Nevertheless, the FGT results clearly demonstrate that 

humann microparticles can induce clotting of rat plasma in vitro, in a TF-dependent 

manner. . 
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Figuree 2. Human microparticles induce clotting of rat plasma in vitro. A. Microparticles were 

isolatedd from blood obtained from the pericardial cavity of patients undergoing cardiac surgery with 

cardiopulmonaryy bypass, and were tested in a fibrin generation test in rat plasma without antibodies 

(•),, or after preincubation with anti-human TF (A) or anti-human factor XII (•). A representative 

examplee is shown. B. For comparison, the same experiment was performed in human plasma. In 

figuress A and B, saline was used (instead of the microparticles) as negative control (0). 
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Specificityy of antibodies. To determine whether the anti-human TF and anti-

humann factor XI I antibodies crossreacted with the respective rat proteins, we performed 

FGTss in rat plasma with clotting initiated by rat thromboplastin, i.e. a preparation 

containingg TF and phospholipids from rat brain (Fig. 3 A), or via contact activation using 

aa mixture of kaolin and artificially prepared phospholipid vesicles (Fig. 3 B). In either 

case,, the antibodies had no effect. On the other hand, the same experiments performed in 

humann plasma showed that anti-human TF specifically inhibited clotting induced by 
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Figuree 3. The anti-human TF and anti-human factor XII antibodies do not crossreact with the rat 

proteins.. In a fibrin generation test, clotting was induced in rat plasma with rat thromboplastin (A), 

orr via contact activation with kaolin plus artificially prepared phospholipid vesicles (B). In human 

plasma,, clotting was induced with human thromboplastin (C), or via contact activation (D). In A-D, 

salinee was used as negative control (0). Experiments were performed without (•), or after 

preincubationn with anti-human TF ( • ) or anti-human factor XII (•). 
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humann thromboplastin (Fig. 3 C), and anti-human factor XII specifically inhibited contact 

activationn of human coagulation factors (Fig. 3 D). Thus, the antibodies reacted only with 

thee respective human proteins but not with those of the rat. 

Thrombogenicityy of human microparticles in a rat model. The in vivo 

thrombogenicc effect of the microparticles was examined using a venous stasis thrombosis 

model.. As a positive control, thromboplastin was injected into the rats at a concentration 

knownn to induce maximal thrombus weight.14 This resulted in thrombi of 63 mg (45.7-

75.55 mg). Saline served as negative control, and gave 1.1 mg (0-4 mg) thrombi (Fig. 4 A). 

Pericardiall  microparticles were highly thrombogenic, inducing thrombi of 24.8 mg (12.2-

41.33 mg), whereas microparticles from plasma of healthy individuals were not, resulting 

inn thrombi of 0 mg (0-24.3 mg; pO.001 as compared to pericardial samples). 

Preincubationn of pericardial microparticles with anti-human TF abolished their 

thrombogenicc effect (0 mg (0-4.4 mg), pO.01), while preincubation with anti-human 

factorr XII (which only functioned as a control antibody, given the fact that it did not 

inhibitt contact activation of rat coagulation factors) had no effect (19.6 mg (12.6-53.7 

mg),, p>0.05) (Fig. 4 B). 

80n n 

40--

• • 
• • 

• • 

Thromboplastin n 
OO
Saline e 

B B 

8 0 --

6 0 --

4 0 --

2 0 --

•• • 
•• • 
: : • • 
• • 

p<0 0 

Pericardd MP 

01 1 

p<0.01 1 

p>0.05 5 

* * 
Pericardd MP 

++ anti-TF 

• • 

• • 

• • 

Pericardd MP 

++ anti-factor XII 

0 0 

O O 

Healthyy individual 

MP P 

Figuree 4. Thrombogenic activity of human cell-derived microparticles in vivo in rats. A. Thrombus 

weightss obtained after injection of thromboplastin (•) or saline (0). B. Thrombus weights obtained 

afterr injection of pericardial microparticles (MP) without (•), or after preincubation with anti-

humann TF (A) or anti-human factor XII (•), or after injection of microparticles from plasma of 

healthyy individuals (o). 
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Thee microparticle-exposed TF antigen levels in the individual samples, 

calculatedd by multiplying the numbers of TF positive microparticles by their respective 

meann fluorescence intensity in arbitrary units, correlated highly with the in vivo 

thrombogenicityy of the samples, i.e. the thrombus weights obtained in the rat model 

(r=0.9524,, p=0.001; Fig. 5 A). 
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Figuree 5. Microparticle-exposed tissue factor (TF) levels correlate highly with the thrombogenicity 

off  the microparticle samples. Microparticle-exposed TF levels in the pericardial samples (•) as well 

ass in samples from healthy individuals (o) were set out against the thrombus weights obtained with 

thee respective samples in in vivo experiments. Thrombus weights are given as mean  SD. A. 

Spearman'ss rank correlation test was performed on the data. B. A logistic dose-response curve was 

fittedd to the data. In figures A and B, the respective correlation coefficient (r) and the significance 

levell (p) is given. 

DISCUSSION N 

Heree we have shown that microparticles derived from various cell types form a pool of 

intravascular,, circulating TF, which is thrombogenic. In blood obtained from the 

pericardiall cavity of patients undergoing cardiac surgery with CPB, as well as in venous 

bloodd of healthy individuals, platelet-, granulocyte- and erythrocyte-derived 

microparticless exposed TF. Total microparticle-exposed TF antigen levels correlated 

highlyy with the thrombogenicity of the microparticles. Pericardial microparticles, 
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exposingg TF at higher levels, were highly thrombogenic in vivo, while comparable 

numberss of microparticles from healthy individuals, exposing lower levels of TF, hardly 

inducedd thrombi. The TF-dependency of the observed thrombogenicity of pericardial 

microparticless was demonstrated by the use of a neutralizing antibody against human TF, 

whichh prevented the formation of thrombi. 

Inn meningococcal sepsis with disseminated intravascular coagulation, we 

previouslyy detected significant numbers of monocyte-derived microparticles, exposing 

substantiall  amounts of TF.9 Extrapolating the results of the present study leads us to 

concludee that these microparticles very likely contribute to the severe clotting 

abnormalitiess seen in meningococcal sepsis. In the present study, however, the origin of 

practicallyy all of the microparticles could be identified using the cell markers CD61 

(platelets),, glycophorin A (erythrocytes), and CD66e (granulocytes). Virtually no 

monocyte-derivedd microparticles (CD 14) were found, ruling out monocytes as an 

importantt source of microparticles under normal conditions, as well as in the cardiac 

surgeryy patients. Microparticles of endothelial origin also circulate in blood,7'15' '6 and it is 

likely,, that they would also be able to expose TF on their surface. However, since we have 

inn vitro data (unpublished) that the marker CD61 (integrin (33), although present on 

endotheliall  cells, is not present on microparticles released from those cells, we believe 

thatt all the microparticles exposing CD61 were derived from platelets, rather than from 

endotheliall  cells. Thus, in these samples, endothelial cell-derived microparticles may 

constitutee at the most a few percent of all microparticles. Other potential sources of TF 

exposingg microparticles in pericardial samples are smooth muscle cells,17 and 

cardiomyocytes.18,199 Again, our data indicate that such microparticles may only constitute 

aa minor fraction of the total. 

Wee have detected TF on microparticles derived from granulocytes, platelets, and 

erythrocytes.. De novo synthesis of TF under our study conditions is unlikely, considering 

thee duration of the surgical intervention. TF positive neutrophil granulocytes have 

repeatedlyy been observed in circulating blood as well as in ex vivo thrombi3,20 under 

conditionss excluding de novo protein synthesis, so it seems quite feasible that 

microparticless released from these cells in the circulation of healthy individuals or during 

cardiacc surgery would also carry TF on their surface. Platelets are supposed to be unable 
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too express TF. Yet, TF was recently found to be present on washed platelets, both resting 

andd activated, and in the supernatant of these platelets.21 In fact, platelets can acquire TF 

fromm monocytes and neutrophils.20 As an extension of these results, we have now shown 

thatt microparticles derived from platelets can also carry TF, and that such TF positive 

platelet-derivedd microparticles occur also in the blood of healthy individuals. In 

pericardiall  blood of patients undergoing cardiac surgery with CPB, the percentage of 

platelet-derivedd microparticles exposing TF was even higher. The mechanism by which 

erythrocyte-derivedd microparticles could acquire TF is as yet unknown. 

Severall  conditions with a thromboembolic tendency have been shown to be 

associatedd with increased numbers of circulating microparticles, e.g. heparin-induced 

thrombocytopenia,, patients with lupus anticoagulant, cerebrovascular accidents, 

acutee coronary syndromes16'24 or patients undergoing cardiac surgery with CPB.25 These 

microparticless were shown to be procoagulant by virtue of their phospholipid surface. On 

thee other hand, elevated plasma levels of soluble TF were also measured in such 
7^^  97 7R 

conditions,, e.g. disseminated intravascular coagulation, ' acute myocardial infarction, 

unstablee angina pectoris,29'30 the antiphospholipid syndrome,31 or patients undergoing 

cardiacc surgery with CPB.32 Based on our present data, we propose that the plasma TF 

thatt has been seen elevated in these conditions is at least partially microparticle-bound, 

andd conversely, that the increased numbers of microparticles in the circulation of these 

patientss not only provide the anionic phospholipids necessary for coagulation but are also 

ablee to carry active TF on their surface. 

Inn this study we observed a very high correlation between the measured total 

microparticle-exposedd TF antigen levels and the thrombus weights obtained in the rat 

venouss stasis thrombosis model. These data also suggest a threshold effect concerning the 

thrombogenicityy of the microparticle-exposed TF (Fig. 5 B). Exceeding the threshold in 

vivo,, either by a general increase in microparticle-exposed TF levels in the circulation or 

byy a local concentration of such TF positive microparticles, could initiate coagulation and 

bee the direct cause of an increased thromboembolic tendency in various patient groups. 
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Ass described in the Introduction of this thesis, cardiovascular disease remains the leading 

causee of death in The Netherlands. Cardiac surgery is frequently performed to improve the 

conditionn of the patient suffering from cardiac dysfunction due to coronary heart disease, 

heartt valve malfunction, etc. One of the problems of the use of the cardiopulmonary 

bypasss (CPB) during cardiac surgery is the activation of blood, leading to an 

inflammatoryy syndrome and blood loss. Originally, CPB circuit was presumed to be the 

mainn cause of the activation of blood cells and protein cascades, such as the coagulation 

andd complement systems. Recently, interest has grown in the activation processes 

occurringg in the pericardial cavity, i.e., the surgical wound field. This so-called pericardial 

bloodd can play a role in systemic blood, because it is returned into the patient during the 

operationn procedure to limit blood loss. 

Thee aim of this thesis is to investigate platelet activation with associated 

microparticlee formation in pericardial blood, as well as the possible procoagulant and 

prothromboticc role of these microparticles. 

Glycoproteinn lb (GPIb) is one of the main adhesion molecules on the platelet 

surface.. Upon platelet activation this molecule partly disappears from the platelet surface 

byy moving into the open canalicular system, which are channels of the cell membrane 

tunnellingg deeply into the platelet. Several investigators have already reported the 

disappearancee of GPIb from the platelet surface in systemic blood. They postulated this as 

aa possible cause of platelet dysfunction with subsequently excessive intra-operative and 

postoperativee blood loss. However, the situation in pericardial blood is unknown. In the 

studyy described in chapter  2, blood was collected at various time intervals during the 

operation,, both from the systemic circulation as well as directly from the pericardial 

cavity.. Evidence was gathered that 10 - 30% of GPIb disappears from the platelet surface 

inn systemic blood, and up to 50% from platelets in pericardial blood. No other evidence 

wass found for platelet activation in pericardial blood, such as a lack of surface appearance 

off  GP53 (indicates lysosomal secretion) or P-selectin (marker for a-granule secretion), or 

increasedd binding of PAC-1 (marker for GPIIb-IIIa activation). This indicated the absence 

off  a more general platelet activation in pericardial blood, although GPIb disappearance 

wass pronounced. 

Inn the study presented in chapter 2, flow cytometry was used to establish the 
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activationn status and GPIb exposure of platelets. In this study it was noticed that material 

withh a size smaller than platelets was present especially in pericardial blood. These were 

microparticless derived from platelets, as it stained with platelet antibodies. From 

pericardiall  blood microparticles were isolated and further characterised (chapter  3). 

Thesee microparticles were derived from platelets, erythrocytes, and to a lesser extent from 

monocytes.. They generated thrombin in an in vitro thrombin generation assay via the TF 

andd factor VII-dependent pathway and independent of factor XII pathway. Microparticles 

fromm systemic blood also generated thrombin, but to a lesser extent than pericardial 

microparticles. . 

Aprotininn is frequently used in cardiac surgery to reduce postoperative blood loss 

andd thus the requirement for blood transfusions. Its working mechanism is still unclear, 

althoughh a GPIb preserving effect has been described. Aprotinin is applied either solely in 

thee priming fluid of the CPB circuit, or in the priming circuit combined with a continuous 

intravenouss infusion. In the previous chapters, especially in pericardial blood, an 

extensivee disappearance of GPIb from the platelet surface as well as increased production 

off  microparticles was observed. In the double-blind randomised study described in 

chapterr  4, the effect of per-operative local administration of aprotinin in the pericardial 

cavityy on these processes was investigated. An effect of aprotinin, however, on these 

platelett responses was not observed in pericardial blood nor systemic blood. The topical 

usee of aprotinin, however, may still be useful if one considers its effect on fibrinolysis. 

Chapterr  4a is a Letter to the Editor by Landis and Taylor in response to the study 

presentedd in chapter 4. These authors questioned whether an effect of topical aprotinin 

administrationn on platelet activation may be anticipated. They argued that aprotinin 

preventss platelet activation by thrombin via the PAR-1 and PAR-4 receptors, but not 

platelett activation by ADP, collagen or epinephrine. They stated that in pericardial blood 

thee concentration of ADP is increased and subendothelial collagen is exposed. On the 

otherr hand, in systemic blood thrombin will mainly be formed by contact with the CPB 

circuit.circuit. They therefore proposed systemic administration of aprotinin. In chapter  4b we 

replyy with three arguments that the topical administration of aprotinin should not be 

dismissedd a priori. First, the contribution of blood activation by the CPB circuit to 

thrombinn generation is questionable, considering the much higher thrombin concentration 
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inn pericardial blood than in systemic blood. Secondly, studies on the inhibition of 

thrombin-inducedd platelet activation by aprotinin, but not activation by ADP or collagen, 

weree performed in vitro and with washed platelets, and are therefore not easily extended 

too the in vivo situation. Here, agonists will simultaneously stimulate the platelet and in a 

synergisticc process activate the platelet to a larger extent than each individual agonist. 

Finally,, plasmin, which activates platelets and is present at high concentrations in the 

pericardiall  blood, is also inhibited by aprotinin. 

Thee presence of increased concentrations of soluble, non-cell bound, TF in 

pericardiall  blood was recently reported. However, it was unknown whether this TF is 

capablee of thrombin generation. In combination with our previous findings we questioned 

whetherr this non-cell bound TF is associated with microparticles, because TF is only 

thrombogenicc when it is membrane associated. In chapter  5 it is shown that non-cell 

boundd TF in pericardial blood is 45 - 77% microparticle-associated. The microparticles 

initiatedd thrombin generation in vitro through the TF-factor VII pathway, whereas the 

non-microparticlee associated, the so-called fluid-phase, form of non-cell bound TF did not 

generatee thrombin. So we observed two forms of non-cell bound TF, one form which is 

microparticle-associatedd and supports thrombin generation via factor VII . The other form, 

whichh is fluid-phase, does not stimulate thrombin generation. The cellular source of the 

TF-bearingg microparticles could not be established because the detergent used to visualise 

TFF on microparticles prohibited the detection of other antigens such as those of platelets 

andd erythrocytes. Microparticles from systemic blood were unable to generate thrombin 

throughh the TF-factor VII pathway, except at the end of the bypass procedure. This 

suggestedd that microparticles from pericardial blood upon their return into the patient 

remainremain active and thus pro-coagulant in the systemic circulation. 

Chapterr  6 shows that in the in vivo generated human cell-derived 

microparticles,, isolated from pericardial blood, are highly thrombogenic in a venous 

thrombosiss model in rats. This thrombus formation was initiated by TF present on the 

microparticles.. In fact, evidence is provided that the extent of TF exposure determines 

theirr thrombogenicity in vivo. 

Inn summary, the studies in this thesis demonstrate extensive coagulation 

activationn and microparticle formation in blood collected in the pericardial cavity during 
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cardiacc surgery with the use of extracorporeal circulation. The two processes even appear 

too be interlinked as thrombin may activate platelets and other cells, leading to formation 

off  microparticles. The microparticles will in return stimulate thrombin formation via TF 

onn their surface. The activated pericardial blood may therefore be responsible for some of 

thee adverse effects associated with CPB, because it is reinfused into the patient during the 

operationn to limit blood loss. It may especially contribute to thrombotic events after 

cardiacc surgery, such as early graft occlusion, cerebrovascular accidents or (clinically 

silent)) deep vein thrombosis. Further studies should address the question whether re-

administrationn of activated pericardial blood to the patient leads to systemic 

hypercoagulation.. Furthermore, the effectiveness of cell savers to remove procoagulant 

microparticless should be investigated. 

135 5 





Chapterr  8 

Samenvatting g 



Samenvatting g 

Zoalss beschreven in de Inleiding van dit proefschrift, zijn hart- en vaatziekten de 

belangrijkstee doodsoorzaak in Nederland. Om de conditie van hartpatiënten, die lijden aan 

kransslagaderverkalking,, hartklepafwijkingen, etc, te verbeteren, wordt frequent 

hartchirurgiee uitgevoerd. Een probleem dat optreedt bij deze operaties is de activatie van 

bloed,, hetgeen leidt tot een ontstekingsreaktie en bloedverlies. Oorspronkelijk werd 

gedachtt dat de hartlongmachine de voornaamste oorzaak was van deze activatie van 

bloedcellenn en eiwitcascades, zoals stollings- en complementsystemen. Sinds kort is er 

ookk een toenemende belangstelling voor de activatieprocessen die plaatsvinden in bloed 

datdat zich verzamelt in de pericardholte, dat wil zeggen bloed afkomstig uit het chirurgische 

wondgebied.. Dit pericardbloed kan een rol spelen in de systemische bloedsomloop, omdat 

hethet tijdens de operatie wordt teruggegeven aan de patiënt om zo het bloedverlies te 

beperken. . 

Hett doel van dit proefschrift is om bloedplaatjesactivatie met de daarmee gepaard 

gaandee micropartikelvorming te onderzoeken in pericardbloed, evenals de mogelijke 

stollings-- en trombusbevorderende eigenschappen van deze micropartikels. 

Glycoproteïnee (GP) Ib is één van de belangrijkste adhesie moleculen op het 

bloedplaatjesoppervlak.. Door activatie van het bloedplaatje verdwijnt dit molecuul 

gedeeltelijkk van het bloedplaatjesoppervlak door verschuiving naar het 'open canalicular 

system'.. Dit 'open canalicular system' bestaat uit kanalen van de celmembraan die diep de 

cell  instulpen. Diverse onderzoekers hebben al aangetoond dat GPIb verdwijnt van het 

bloedplaatjesoppervlakk in systemisch bloed tijdens een hartoperatie. Dit werd gezien als 

mogelijkee oorzaak van het dysfunctioneren van de bloedplaatjes, met excessief intra- en 

postoperatieff  bloedverlies tot gevolg. De situatie in pericardbloed is echter niet bekend. In 

dee studie beschreven in hoofdstuk 2 werd bloed afgenomen op verschillende tijdstippen 

tijdenss de operatie, zowel uit de systemische bloedsomloop als rechtstreeks uit de 

pericardholte.. Gevonden werd dat 10 tot 30% van het GPIb verdwijnt van het 

bloedplaatjesoppervlakk in systemisch bloed, en tot 50% in pericardbloed. Andere 

aanwijzingenn voor bloedplaatjesactivatie konden niet worden vastgesteld, zoals 

toegenomenn oppervlakte-expressie van GP53 (indicator van lysosomale secretie) of P-

selectinee (indicator van a-granula secretie), of een toegenomen binding van PAC-1 
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(merkerr van GPIIb-IIIa activatie). Deze resultaten toonden aan dat er geen algemene 

bloedplaatjesactivatiee aanwezig is in het pericardbloed, alhoewel GPIb verdween. 

Inn de studie van hoofdstuk 2 werd fiowcytometrie gebruikt om de activatiestatus 

enn de hoeveelheid geëxposeerd GPIb op bloedplaatjes te bepalen. In deze studie viel op 

datdat met name pericardbloed materiaal bevatte dat kleiner is dan bloedplaatjes. Dit waren 

microparticless afkomstig van bloedplaatjes, omdat ze aankleurden met bloedplaatjes 

antistoffen.. Uit pericardbloed werden vervolgens de micropartikels geïsoleerd en verder 

gekarakteriseerdd (hoofdstuk 3). De micropartikels waren afkomstig van bloedplaatjes, 

erytrocytenn en voor een klein deel van monocyten. Ze initieerden trombinevorming in een 

inn vitro trombine generatie test via de weefselfactor-factor VH-afhankelijke stollingsweg 

enn onafhankelijk van de factor XII-afhankelijke stollingsweg. Ook micropartikels uit 

systemischh bloed initieerden trombinevorming, maar in mindere mate dan pericard 

micropartikels. . 

Aprotininee wordt vaak gebruikt in de hartchirurgie om postoperatief bloedverlies 

tee reduceren om daardoor de noodzaak tot bloedtransfusies te beperken. Het 

werkingsmechanismee van aprotinine is nog steeds onbekend, alhoewel een beschermend 

effectt op GPIb is beschreven. Aprotinine wordt óf alleen aan de 'prime' vloeistof van de 

hartlongmachinee toegevoegd, óf aan de 'prime' vloeistof gecombineerd met een continue 

intraveneuzee toediening. In voorgaande hoofdstukken trad, met name in pericardbloed, 

eenn duidelijke verdwijning op van GPIb en een toename van het aantal micropartikels. In 

dee dubbelblind gerandomiseerde studie beschreven in hoofdstuk 4 werd het effect 

bestudeerdd van het peroperatief,, lokaal -in de pericardholte- toedienen van aprotinine. 

Aprotininee had geen effect op de bloedplaatjes respons, niet in pericardbloed en niet in 

systemischh bloed. Omdat aprotinine ook de fibrinolyse remt, kan het lokaal toedienen van 

aprotininee desondanks wel zinvol zijn. Hoofdstuk 4a is een 'Letter to the Editor', 

ingestuurdd door Landis en Taylor, naar aanleiding van onze studie zoals beschreven in 

hoofdstukk 4. Deze auteurs vroegen zich af, of er wel een effect van aprotinine mag 

wordenn verwacht als dit lokaal wordt toegediend. Zij beargumenteerden dat aprotinine 

bloedplaatjesactivatiee door trombine via de trombine-receptoren PAR-1 en PAR-4 remt, 

maarr niet de activatie door ADP, collageen of adrenaline. De auteurs stelden dat in 

pericardbloedd de ADP concentraties verhoogd zijn en dat subendotheliaal collageen is 
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geëxposeerd.. Trombine daarentegen, zou voornamelijk in systemisch bloed ontstaan door 

hett contact met de hartlongmachine. Zij stelden daarom een systemische toediening van 

aprotininee voor. In hoofdstuk 4b beantwoordden wij deze brief met drie argumenten om 

dee locale toediening van aprotinine niet op voorhand af te wijzen. Ten eerste, de bijdrage 

vann de hartlongmachine aan trombinevorming en bloedactivatie is twijfelachtig, gezien de 

veell  hogere trombine concentraties in pericardbloed. Ten tweede, het voorkomen van de 

trombine-geïnduceerdd bloedplaatjesactivatie door aprotinine, maar niet de activatie door 

ADPP of collageen, zijn in vitro waarnemingen met gewassen bloedplaatjes die niet 

eenvoudigg kunnen worden vertaald naar de in vivo situatie. In vivo zullen agonisten 

gelijktijdigg een bloedplaatje stimuleren, en in een synergistisch proces zal het bloedplaatje 

meerr worden geactiveerd dan door de afzonderlijke stimuli. Ten derde, pericardbloed 

bevatt hoge concentraties piasmine dat ook bloedplaatjes activeert en dat ook door 

aprotininee wordt geremd. 

Recentt werd gepubliceerd dat pericardbloed hoge concentraties oplosbaar, dat 

will  zeggen niet celgebonden, weefselfactor bevatte. Echter, het was niet bekend of dit 

weefselfactorr trombinevorming kon initiëren. Gezien onze eerdere bevindingen hebben 

wee ons afgevraagd of niet celgebonden weefselfactor micropartikel gebonden is, omdat 

weefselfactorr alleen stollingsactief kan zijn als het membraangebonden is. In hoofdstuk 5 

latenn we zien dat niet celgebonden weefselfactor in pericardbloed voor 45 tot 77% 

micropartikelgebondenn is. Deze micropartikels genereerden trombine in vitro via de 

weefsell  factor - factor VII afhankelijke stollingsweg, terwijl het niet-

micropartikelgebonden,, het 'echt oplosbare', weefselfactor geen trombine vormde. Er zijn 

duss twee vormen van niet celgebonden weefselfactor, de ene is micropartikelgebonden en 

maaktt trombinevorming via factor VII mogelijk. De andere vorm, het 'echt oplosbare', 

stimuleertt de trombinevorming niet. De cellulaire herkomst van micropartikels die 

weefselfactorr exposeren kon niet worden vastgesteld, omdat de omstandigheden 

waaronderr het micropartikel-geëxposeerde weefselfactor zichtbaar is, de detectie van cel-

specifiekee antigenen zoals die van bloedplaatjes en erytrocyten onmogelijk maakte. 

Micropartikelss uit systemisch bloed genereerden geen trombine via de weefselfactor -

factorr VII afhankelijke stollingsweg, behalve aan het einde van de bypass procedure. Dit 
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suggereerdee dat micropartikels die worden teruggegeven aan de patiënt geactiveerd 

blijvenn en dus procoagulant zijn in de systemische circulatie. 

Hoofdstukk 6 laat zien dat in vivo gegenereerde micropartikels van humane 

cellen,, geïsoleerd uit pericardbloed, zeer trombogeen zijn in een veneus trombose model 

inn de rat. Deze trombusvorming werd geïnitieerd via weefselfactor op micropartikels. Er 

wordtt tevens bewijs geleverd dat de mate van weefselfactor-expositie de trombogeniciteit 

inn vivo bepaald. 

Samengevatt tonen de studies in dit proefschrift uitgebreide stollingsactivatie en 

micropartikell  vorming aan in bloed dat zich verzamelt in de pericardholte tijdens 

hartoperatiess waarbij de hartlongmachine wordt gebruikt. Deze twee processen lijken met 

elkaarr geassocieerd te zijn, omdat trombine bloedplaatjes en andere cellen activeert, wat 

leidtt tot micropartikelvorming. Deze micropartikels zullen op hun beurt weer 

trombinevormingg stimuleren via weefselfactor op het micropartikeloppervlak. Het 

geactiveerdee pericardbloed zou verantwoordelijk kunnen zijn voor een aantal complicaties 

naa hartchirurgie, omdat dit bloed wordt teruggegeven. Dit zou met name gedeeltelijk de 

trombo-embolischee complicaties kunnen verklaren, zoals vroege graftocclusie, 

herseninfarctenn en (subklinische) diep veneuze trombose. Toekomstige studies moeten 

zichh richten op de vraag of geactiveerd pericardbloed leidt tot systemische 

hypercoagulabiliteit.. Verder moet onderzocht worden of 'cell-savers' micropartikels 

verwijderen. . 
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Stellingenn behorend bij  het proefschrift: 

"Platelett  activation and microparticles in the pericardial cavity 

durin gg cardiopulmonary bypass" 

1.. Tijdens cardiopulmonale bypass verdwijnt vooral in pericardbloed 

glycoprotei'nee lb van het bloedplaatjesoppervlak. 

2.. Micropartikels zijn stollingsbevorderend; zowel in vitro als in vivo. 

3.. Niet-celgebonden weefselfactor bestaat uit een micropartikelgebonden en 

eenn niet-micropartikelgebonden fractie, waarbij de micropartikelgebonden 

weefselfactorr stollingsbevorderend is. 

4.. Systemische bloedactivatie tijdens cardiopulmonale bypass wordt deels 

veroorzaaktt door het teruggeven van pericardbloed aan de patiënt. 

5.. Publicaties betreffende off-pump chirurgie waarin niet vermeld is of 

pericardbloedd al dan niet wordt teruggegeven, hebben daardoor geen 

wetenschappelijkewetenschappelijke waarde. 

6.. Door de cardiopulmonale bypass wordt de hemostatische balans dusdanig 

verstoord,, dat dit zowel kan resulteren in een overmatige bloedings- alsook 

stollingsneiging. . 

7.. Uit hemodynamisch oogpunt dient men bij een mitralisklepplastiek een 

flexibell  blijvende ring te gebruiken. 

8.. Gelet op de correlatie tussen de kwantiteit en de kwaliteit van 

longchirurgischee ingrepen dient de longchirurgie gecentraliseerd te 

worden. . 

9.. Het besef dat compensatie voorafgaat aan decompensatie biedt 

mogelijkhedenn om tijdig in te grijpen. 

10.. Vroeger werd werk af en toe onderbroken door vrije tijd; met de huidige 

36-urigee werkweek is dit omgekeerd. 

Kyraa Maquelin 
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